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Preserving maize (Zea mays L.) seed quality during mechanical drying is an 
important concern in the seed industry. In this study, preconditioning (slow drying prior to 
fast drying treatments) was used to investigate embryo-drying rates, the alignment of lipid 
bodies along the plasma membrane, and dehydrin-like protein profiles during the acquisition 
of desiccation tolerance in maize seed. Ears of hybrid maize [B73 x (H99 x H95)] were 
harvested in 1998, 1999, and 2000 at ca. 55,50,40 and 32% moisture content (mc) and 
subjected to preconditioning (PC) (ear drying at 35°C and 0.47 m/s airflow rate) for 0,12,24, 
36, and 48h prior to fast drying (shelled seed, 35°C and 5.10 m/s airflow rate) treatments to 
decrease moisture to ca. 13%. The mc of intact seed harvested at >50% mc decreased ca. 
20% points (pts) during the PC phase (0 to 48h) whereas the embryo mc decreased about 3% 
pts. With advances in maturity, embryo-drying rates increased while intact seed drying rates 
decreased. Under rapid drying conditions, on the other hand, embryo mc declined at very 
rapid rates down to ca. 40%. These rapid drying rates slightly decreased with increases in 
maturation, and, consequently, embryo dehydration seemed to occur in a more organized 
fashion. Similar effects, but to a lesser degree, were observed with increases in PC time prior 
to fast drying. Alignment of lipid bodies occurred first in the root cap, followed by outer and 
inner core cells. However, cell plasmolysis and aberrations in or perhaps coalescence of lipid 
bodies, were evident in seed harvested at mc >40% and subjected to fast drying without PC. 
These aberrations decreased in severity with PC and field maturation and appeared to be 
associated with partial or incomplete lipid body alignment prior to fast drying. In seed 
subjected to fast drying conditions, there is a slight but detectable increase in dehydrin-like 
proteins with increases in PC time prior to fast drying, particularly in seed harvested at 55 
vii 
and 50% mc. Immunogold-labeling of these proteins indicated that they were located in an 
interspersed manner on surfaces of the plasma membrane, lipid bodies, and throughout the 
cytoplasm. Alignment of lipid bodies along the plasma membrane appear to be associated 
with slight decreases in embryo drying rates and more organized dehydration in seed dried 
under the fast drying conditions. Slow embryo drying rates during preconditioning may be 
associated with embryo position on the ear. These slow drying rates or maintenance of high 
hydration levels for longer period coincided with increases in accumulation of dehydrin-like 
proteins. Decreases in embryo drying rates and more organized dehydration, better 
alignment of lipid bodies along the plasma membrane, and higher accumulation of dehydrin-
like proteins were associated with lesser cell solute leakage and better performance in 
germination and vigor tests. We conclude that slower embryo drying rates to threshold levels 
may be crucial to acquiring the ability to tolerate faster dehydration. Alignment of lipid 
bodies along the plasma membrane and accumulation of dehydrin-like proteins may act 
synergistically to decrease the damage that could occur during cell dehydration leading to a 
higher preservation of seed quality after artificial drying. 
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CHAPTER I. GENERAL INTRODUCTION 
Introduction 
The negative effect on seed quality of environmental factors such as frost injury, 
insects, and field weathering during seed maturation and drying have led maize seed 
producers to harvest their seed on the ear at moisture contents greater than 40% and 
subsequently dry those ears with heated-air before shelling. However, seed are sensitive to 
high drying temperatures during early maturation; thus, mechanical drying has often been 
associated with significant reductions in seed quality. It is well documented that orthodox 
seed types (tolerant to desiccation), acquire the ability to tolerate higher drying temperatures 
without detrimental effects on seed quality as maturation progresses. Several investigators 
have reported ultrastructural, physiological, chemical, and biochemical changes during the 
transition from desiccation intolerance to tolerance. Among these are decreases in the degree 
of vacuolation (Berjak et al., 1992; Farrant et al., 1997), alignment of lipid bodies along the 
plasma membrane (Peterson, 1997; Perdomo and Bums, 1998), accumulation or changes in 
the ratios of specific sugars, (Crowe et al., 1988; Kuo et al., 1988; Chen and Bums, 1990; 
Black et al., 1996), changes in phospholipids and lipid composition (Crowe, 1989b, 1989c; 
Chen and Bums, 1991; Tetteroo et al., 1996), and expression of late embryogenesis abundant 
(LEA) proteins (Dure, 1981; Farrant et al., 1993; Han et al., 1997). However, the specific 
functional mechanism(s) by which these changes contribute to desiccation tolerance is not 
completely understood. 
Some studies conducted to elucidate the functions of the mechanisms ascribed to 
desiccation tolerance have produced controversial results. Often this is because the term 
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"desiccation tolerance" is poorly defined, investigators compare expression mechanisms 
among species with different degrees of drying sensitivity, or do not take drying rates into 
account. In addition, investigators often consider only the presence of the desiccation 
tolerance mechanism rather than a threshold level. Furthermore, there is a poor 
understanding of the seed drying process, which may vary in different tissues. Thus, more 
research is required to understand the changes that take place during acquisition of 
desiccation tolerance in seed. Perdomo and Burris (1998) observed that the alignment of 
lipid bodies along the plasma membrane coincided with the acquisition of desiccation 
tolerance in maize seed. These observations lead to questions of their potential function as 
well as the alignment mechanism that may be involved in this event. Preconditioning (slow 
drying prior to fast drying) drying treatments have been illustrated to render desiccation 
tolerance in maize seed harvested at moisture contents >40% (Herter and Burris, 1989b; 
Chen and Burris, 1990,1991; Peterson, 1997; Perdomo and Burris, 1998). Thus, 
preconditioning could provide a useful model to further elucidate the alignment of lipid 
bodies and other desiccation mechanisms. In this study, preconditioning treatments (slow 
drying) were used as a hardiness model for faster drying, to investigate changes in embryo 
drying rates, lipid body alignment along the plasma membrane and the accumulation profile 
of dehydrin proteins during the acquisition of desiccation tolerance in maize seed. Since it is 
presumed that preconditioning effects may actually take place in the drying systems used by 
the maize seed industry, the information may contribute to a further understanding of the 
maize seed drying process and lead to higher seed quality levels after drying. 
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Dissertation Organization 
This dissertation consists of a general introduction, three papers, general conclusions, 
and appendix. The papers will be submitted for publication to the journal Crop Science. The 
senior author on the papers is the doctoral candidate L. Cordova-Tellez and the second author 
is Dr. J. S. Burris. 
Literature Review 
Effect of artificial drying on seed quality during seed desiccation 
In mechanical dryers, heated-air is the energy source and transport vehicle to remove 
moisture vapor from the seed and to carry that moisture away from the seed mass. Although 
drying damage often occurs, there remains uncertainty as to whether high temperatures or 
high drying rates cause the injury. Evidence exists in support of both factors as well as their 
interaction with genotype and initial seed moisture content. Up to now, however, heat injury 
during seed drying has been poorly defined and the most prominent theory relates to protein 
or enzyme denaturation although no references were found in seed tissues during the 
acquisition of desiccation tolerance. Herter and Burris (1989c) suggested that membrane 
injury is one of several expressions of drying damage in seeds. Electrolyte and sugar leakage 
were higher in maize seed dried at higher temperatures (>45°C) as compared with those dried 
at temperatures lower than 35°C (Seyedin et al., 1984; Herter and Burns, 1989c; Peterson, 
1997). 
Herter and Burris (1989a) studied the effect of temperatures and drying rates on 
maize seed and found that maize seed exposed to 50°C and high humidity versus low 
humidity exhibited reduced drying rate and slowed seed deterioration, but it did not eliminate 
4 
it. Thus, they concluded that both factors, temperature and drying rate, may contribute to 
seed deterioration during seed drying. Perdomo and Burns (1998) used preconditioning 
(slow drying before fast drying) environments of 20°C/35% RH, 20°C/90% RH, 35°C/20% 
RH, and 35°C/90% RH for intervals of 12h up to 48h before drying maize ears down to 12% 
mc at 45°C. They found that temperature or relative humidity (RH) alone did not have a 
significant effect on seed leakage; however, the combinations of these two variables 
significantly affected the amount of leakage. 
Other physiological changes during artificial seed drying have been observed. 
Seyedin et al. (1984) reported a reduction in number and size of starch grains in the 
embryonic axis in maize seed dried at 50°C. This could indicate that high drying temperature 
results in hydrolysis of starch in this tissue during the early stage of the drying process. 
Depletion of starch reserves and the presence of an additional isozyme of starch-degrading 
enzyme were also observed using 35°C/90% RH as a preconditioning drying treatment in 
maize seed (Perdomo and Burris, 1998). Starch depletion would be stopped by loss of 
moisture before any elongation of meristematic cells could occur, but it may initiate the 
aging process and contribute to the overall drying injury (Seyedin et al., 1984). Seyedin et al. 
(1982) observed that the respiration rate of maize seed was substantially decreased during 
drying with 50°C versus 35°C and they suggested that this was due to limitations in water 
content, especially after 18h of drying. Madden and Burris (1995) found that mitochondria 
in the meristematic root cells of seed dried at 45°C exhibited poor differentiation during the 
first 24h of imbibition as compared to those dried at 35°C. In addition, seed dried at high 
temperature showed lower oxygen uptake in the axes tissue, and they also expressed an 
extended germination period and reduced seedling dry weight 
5 
It is well documented that orthodox seed species acquire the ability to withstand 
higher drying temperatures as maturation progresses. Ears of maize harvested between 40 to 
50% mc could be safely dried down to 12% with temperatures around 40°C (Kiesselbach, 
1939; McRostie, 1949; Washko, 1949; Navratil and Burris, 1984), whereas ears harvested 
with moisture contents lower than 25% could be dried about 50°C (Navratil and Burns, 
1984). Cold test values were higher than 90% when seed was harvested below 45% mc and 
dried with temperatures lower than 40°C (Navratil and Burns, 1984; Baker et al., 1991). 
Several researchers have reported genotypic variation in susceptibility to drying injury. 
Reiss (1944) found that inbred line Wf9 was more susceptible than inbred line R4 during 
desiccation. McRostie (1949) reported differences among inbred lines used as females with 
regard to drying susceptibility. Later, Bdliya and Burris (1988) studied the parental influence 
on susceptibility to drying injury, and reported that the major variation in either tolerance or 
susceptibility was associated with maternal or cytoplasmic inheritance. Leakage values of 
seed harvested ca. 50% moisture content and dried at temperatures higher than 45°C were 
greater for Mol7 than for A632 (Seyedin et al., 1984), and Mol7 and B73 were greater than 
A632 (Herter and Burris, 1989c). In addition to genotypic differences, variation in tissue 
susceptibility within a maize seed to drying damage has been illustrated. Increases in shoot 
to root ratio due to drying rate revealed that root development is more susceptible to drying 
injury than is shoot development (Navratil and Burris, 1984; Peterson, 1997). 
Although drying injury may be the result of the interaction of several drying factors, 
it seems likely that drying rate may be an important contributor. Maize ears harvested as 
early as 35 days after silking (about 60% moisture content) and dried slowly germinated 
higher than 95% (Knittle and Burns, 1976). Peterson (1997) reported an increase in viability 
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in seeds harvested 30 days after pollination if they were dried on the ear at room temperature. 
Herter and Burns (1989b) found that preconditioning (slow drying at 20 to 35°C) treatments 
for a given period of time decreased seed moisture to 30 to 39% and rendered high-moisture 
seed tolerant to subsequent drying at 50°C. They also observed that preconditioning at 35°C 
and 35% or 40% RH increased cold-test values by 1.8 and 1.6% h*1, respectively. In similar 
studies, Peterson (1997) and Perdomo and Burris (1998) found that not only enhanced 
germination and vigor were obtained with preconditioning treatments but also some 
metabolic, structural, and biochemical events were differentially expressed. 
The maize seed industry currently uses three drying systems. (1) Single-pass, (in 
which the air passes through the seed mass in one direction and is exhausted); (2) single-pass 
reversible, (the air passes through the seed mass in one direction for about 24h and exhausted 
but the direction can be reversed); (3) double-pass, (air is forced through bins containing 
nearly dry ear maize and the exhausted through other bins containing high-moisture maize 
ears and exhausted) (Dahlberg, 1978; Misra, 1995). Although information pertaining to the 
effect of these drying systems on seed quality may exist, no records were found in the 
literature. Herter and Burris (1989b) emphasized that the seed industry might gain some 
advantages from initial low temperature drying by using the double-pass drying system in 
which some preconditioning effect may occur. However, the higher humidity of the air in 
the second pass could reduce the potential preconditioning effect on the fresh ears; therefore, 
preconditioning could be used even more efficiently in smaller single-pass dryers. They 
concluded that no specific recommendations could be established at that point Even though 
the dryer systems have been modified and the understanding of artificial seed drying has 
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increased, Primus (1995) emphasized that the drying process in the seed industry remained 
one of the biggest challenges seed production people face. 
Intracellular physical changes during acquisition of desiccation tolerance 
Although few studies have investigated morphological changes at the cellular level 
during acquisition of desiccation tolerance, some ultrastructural changes appear to coincide 
with this event. Klein and Pollock (1968) observed that ribosomes, in cells of immature axes 
(75% mc) of lima beans (Phaseolus lunatus), were grouped into the polysomes, which 
surround the endoplasmic reticulum. As the seed mature, polysomes disappeared and free 
ribosomes appeared in cell cytoplasm, mitochondrial matrices appeared optically empty with 
the cristae less swollen, and the chloroplast grana absent. The authors concluded that 
structural changes in the seed during maturation drying are not destructive but are a 
consequence of physiological modifications that may be necessary to withstand dehydration. 
Dasgupta et al. (1982) studied the integrity of cell axes of Phaseolus vulgaris seed subjected 
to premature desiccation at 22 and 32 days after pollination (DAP). Cells of 22 DAP axes 
after 2h of rehydration showed coalescence of protein bodies, formation of large vacuole-like 
structures, loss of mitochondrial internal definition, disruption of the enclosing nuclear 
membrane after 24h rehydration, and seed failed to germinate. In contrast, cells from the 
axes of 32 DAP seed show little, if any, of these symptoms. Thus, the damage induced by 
desiccation and subsequent rehydration in 22 DAP axes may have been extensive and 
seemingly irreparable. Depletion of intraplastidial starch during acquisition of desiccation 
tolerance has been reported in mustard (Sinapsi alba L.) embryos (Fisher et al., 1988) and in 
radicle cells of Brasica campestris seed (Leprince et al., 1990). This depletion corresponded 
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with the appearance of stachyose and increases in sucrose upon the acquisition of desiccation 
tolerance (Leprince et al., 1990). 
Intracellular changes in the degree and pattern of vacuolation appear to be associated 
with desiccation tolerance. Beijak et al. (1992) observed fewer vacuoles at maturity in 
Landolphia kirkii Dyer as compared with significant increases during early germination. 
Farrant et al. (1997) observed that seed of Avicennia marina (a recalcitrant tropical wetland 
species) remained highly vacuolated during maturation and did not accumulate insoluble 
reserves; on the other hand, Aesculus hippocastanum (a recalcitrant temperate species) and 
Phaseolus vulgaris (an orthodox species) exhibited decreased vacuolation and increased 
deposition of insoluble reserves. Moreover, mitochondria and endomembranes degenerated 
during the development of A. hippocastanum and P. vulgaris seed, but remained unchanged 
in A. marina seed. Based on these results, the authors emphasized that extensive vacuolation 
and high metabolic rates may contribute to desiccation sensitivity and that A. hippocastanum 
may correspond to a category of seed different than recalcitrant and similar to orthodox. The 
plasma membrane also appears to experience some morphological modifications during seed 
dehydration. Ntuli et al. (1997) found that embryos of wild rice (Zizania palutris var. 
Interior) dried at 25°C showed higher levels of peripheral membrane complex (PMC) than 
embryos dried at 10°C. Furthermore, intramembrane particles (IMP) were evenly distributed 
in cells of axes dried at 25°C and 37°C. In contrast, membranes of cells of axes dried at 10°C 
showed larger IMP-free areas. Both PMC and IMP were presumed to be proteins associated 
with membranes. 
Perdomo and Burris (1998) studied the effect of preconditioning (slow drying prior to 
fast drying treatments) environments in maize seed harvested at 50 and 45% moisture 
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content. Electron microscopy studies in the radicle meristem revealed that lipid bodies, first 
observed scattered throughout the cell cytoplasm in both harvests, migrated toward the cell 
wall during preconditioning. This migration seems to respond to the maturation stage, 
preconditioning time, and preconditioning environment. The alignment of lipid bodies along 
the cell wall was associated with less solute leakage during seed imbibition. The authors 
pointed out that this relationship suggests that lipid alignment may regulate the rate of water 
uptake during imbibition and subsequent germination. It is important to emphasize that lipid 
bodies aligned along the plasma membrane have also been observed in different seed species 
(Dasgupta et al., 1982; Leprince et al., 1990; Cummins et al., 1993; Farrant et al., 1997); 
however, none of these authors referred to their significance in desiccation tolerance. 
Studying different drying treatments in maize seed Peterson (1997) observed that lipid body 
migration toward the cell wall was evident in seed harvested at moisture contents >40% as 
long as the seed was not dried in a fluidized bed dryer (rapid drying treatment). Lipid bodies 
were aligned in seed harvested at 30% mc and the rapid drying treatment had no effect on 
seed quality; in contrast, lack of alignment of lipid bodies was associated with high solute 
leakage during imbibition. Thus, rapid drying rates would appear to prevent the migration of 
lipid bodies to the cell wall, which was speculated to preclude the regulation of cellular 
drying rates. 
Physiological and chemical changes during acquisition of desiccation tolerance 
Seed development broadly encompasses three different phases: (1) histo-
differentiation, characterized by fertilization, cell division and differentiation of all major 
tissues and a rapid increase in whole seed fresh weight and water content (Raghavan, 1986); 
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(2) expansion, distinguished by a massive accumulation of storage proteins, lipids, starch, 
and a decline in water content as it is displaced by the accumulating insoluble reserves within 
the cells of the storage tissue; (3) maturation drying, characterized by fresh weight loss, a 
rapid decline in whole-seed water, and culminates with the arrest of reserve deposition and 
desiccation (Kermode et al., 1989; review in Leprince et al., 1993; Bewly and Black, 1994). 
Leopold (1990) stated that desiccation is considered necessary for the completion of the life 
cycle in orthodox seeds and that desiccation is generally interpreted as an adaptive strategy to 
enable seed to survive during storage, ensure better dissemination, and provide tolerance to 
severe environmental conditions. 
About 90% of the original seed water may be removed during desiccation (Adams 
and Rinne, 1980). This is a remarkable event since water influences the progress and 
kinetics of most biologically significant reactions (Vertucci, 1989). However, before seeds 
experience severe water loss, they acquire the ability to withstand it (review in Leprince et 
al., 1993). Several changes occur during or following the transition from intolerance to 
tolerance phase to desiccation including gene activation, soluble carbohydrates, lipid 
composition, and abscisic acid (ABA) in the embryo and embryonic axis of several species 
(review in Leprince et al., 1993; Bewly and Black, 1994). Although there is variation 
among species, many seeds undergo a fast transition from desiccation intolerance to 
tolerance about midway during seed development (Kermode et al., 1989; Kermode and 
Bewly, 1989). 
As water is removed from the seed, most physiological activities decline leading to a 
quiescent embryo in which the metabolism might not be measurable (Lynch and Clegg, 
1986). Several studies on hydration levels, metabolic activity, and water binding ability of 
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seed tissues have been documented. Vertucci and Leopold (1987a) used water sorption 
isotherms to study water binding by seed tissue. They found that isotherms of orthodox seed 
are indicative of three regions of water binding. These regions were defined by the strength 
with which water is bound and the nature of the binding site: (region 1) water is bound very 
tightly to ionic groups, (region 2) water is weakly bound to polar, nonionic sites, and (region 
3) water is very weakly arrayed to bridges over hydrophobic moieties. Vertucci and Leopold 
(1987b) related water binding to desiccation tolerance and they found that tissue that was 
sensitive to desiccation had a poor capacity to bind water tightly; thus, they suggested that 
region 1 water may be an important component of desiccation tolerance. Verttucci and 
Farrant (1995) reported that at least five types of water have been distinguished based on 
calorimetric and motional properties. Type 5 is dilute solution water and is detected from 70 
to 90% mc dry weight bases (dwb); type 4 is concentrated solution or capillary water and is 
detected between 70 to 45% mc dwb; type 3 is suggested to form bridges over hydrophobic 
moitiés on macromolecules and is detected between 45 to 25% mc dwb; type 2 has glassy 
characteristics and is believed to have strong interactions with polar surfaces of 
macromolecules or hydroxyl group solutes and is detected between 25-8% mc dwb; type 1 
water binds to macromolecules as a structural component and is detected <8% mc dwb. 
In a hydrated cell, hydrophilic and hydrophobic interactions impart structure to 
macromolecules and organelles. Membrane structure is associated with these interactions 
and is often regarded as the primary site of desiccation damage during cell dehydration 
(Crevecouer et al., 1976; Senaratna and McKersie, 1983,1984,1986; Herter and Burris, 
1989c). The presence of large amounts of soluble sugars seems to prevent the damaging 
effects of cell dehydration. Sucrose and trehalose are known to form hydrogen bonds and 
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may substitute for water by maintaining a hydrophilic structure and orientation, even when 
water is no longer present This event is known as the "water replacement hypothesis" and 
has been demonstrated in model systems (Crowe et al., 1988b). The sucrose and the 
raffinose series of oligosaccharides have been extensively studied in relation to acquisition of 
desiccation tolerance. Cereal seed accumulate soluble carbohydrates mostly as sucrose and 
the oligisaccharide raffinose accumulates to higher concentration than stachyose (Kuo et al., 
1988). Raffinose accumulation, in cereals, is associated with the loss of starch in the embryo 
and acquisition of desiccation tolerance (Black et al., 1996). The ratio of raffinosersucrose 
was illustrated to have a good correlation with the ability of maize seed to tolerate high 
drying temperatures (Chen and Burris, 1990). Similar results have been reported for seed of 
Acer platanoides L. that developed desiccation tolerance between threshold oligosaccharide 
to total sugar value of just less than 0.3 to about 0.4 (Hong et al., 2000). However, in wheat 
(Triticum aestivum L.) embryos detached from the mother plant at an early stage, the 
occurrence of raffinose did not correlate with the onset of desiccation tolerance (Black et al., 
1999). During germination, loss of raffinose was associated with the disappearance of 
desiccation tolerance in axes of soybean (Glycine max), pea (Pisum sativum) and maize 
(Koster and Leopold, 1988). Accumulation of specific sugars associated with desiccation 
tolerance seems to be species dependent. Accumulation of stachyose, in addition to sucrose, 
has been reported in Brassica campestris seed during acquisition of desiccation tolerance 
(Leprince et al., 1990). Blackman et al. (1992) found that immature soybean axes 34 DAP 
subjected to gradually dried treatments for 6 days accumulated sucrose and stachyose and 
were tolerant to desiccation. By contrast, axes held at high relative humidity for the same 
period accumulated galactinol and were destroyed by desiccation. However, galactinol has 
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been reported as a prominent component in castor bean (Ricinus communis L.) and 
fagopyritol in common buckwheat (Fagopyrum esculentum Moench cv. Mancan). These 
compounds appear to have the same functions as the oligosaccharides in the raffinose series 
(Horbowicz and Obendorf, 1994). 
Another mechanism by which sugars may act to protect cell dehydration is by the 
formation of intracellular glass or vitrification (Leopold and Vertucci, 1986). The raffinose 
oligosaccharide series and other sugars seem to keep sucrose from crystallizing and 
participate in the glass formation (Koster and Leopold, 1988; Leprince et al., 1990). The 
occurrence of this state has been reported by William and Leopold (1989); Bruni and 
Leopold (1991); Koster (1991); Sun and Leopold (1993b); Maki et al. (1994). Some of the 
benefits of glass formation are: glass precludes chemical reactions requiring diffusion, they 
fill space, and they may permit the continuance of hydrogen bonding at the interface between 
the glass and hydrophilic surface in the cell (Burke, 1986). 
In addition to the proposed role of sugars as stabilizers of membranes and other 
cellular components, the membrane itself experiences some physical and chemical 
modifications. Biological membranes are composed primarily of phospholipids in a fluid 
bilayer conformation with embedded proteins (Singer and Nicolson, 1972). This membrane 
organization is established by the relationship between its components and water. Simon 
(1978) reported that at least 20% mc is required to maintain this bilayer conformation. 
Below this critical level, the bilayer conformation becomes unstable and there appears 
instead a "hexagonal n (Hn) phase", in which phospholipids form cylinders with the polar 
head groups oriented into an aqueous core (Luzzati and Husson, 1962). As a consequence 
membrane selectivity decreases (Simon, 1978). The Hn phase has been demonstrated in vitro 
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in human brain phospholipids (Luzzati and Husson, (1962) and human erythrocyte (Ran and 
luzzati, 1968). However, in seeds, membrane phospholipids of Lotus corniculatus L. 
(McKersie and Stinson, 1980) and soybean (Seewaldt et al., 1981) retained a lamellar bilayer 
configuration even in the dry state. 
The predominant phospholipids in plasma membranes are phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), and phosphatidylinositol (PI) (Simon, 1978). Quinn (1983) 
suggested that changes in cell membrane under environmental stress are related to the 
changes in the balance of bilayer and nonbilayer forming phospholipids. It was established 
that PC tends to form a bilayer configuration, whereas PE enters the Hn configuration at low 
moisture content (Gagne et al., 1985). Thus, it seems likely that changes in individual 
phospholipids (PC and PE) are crucial to the cell membrane stabilization during desiccation. 
Chapman et al. (1967), on the other hand, suggested that the relative composition of 
membrane phospholipids confers characteristic phase transition temperature (Tm), at which 
the membrane lipid bilayer may pass from liquid crystalline to a gel phase or vice versa. 
Membranes are physiologically active in the liquid, crystalline state and in desiccated tissue 
may exist in the gel state. In several studies, Crowe et al. (1989b, 1989c, 1996a, 1997c) 
found that the transition temperature for phospholipids varied with water content and the 
presence of sugars associated with lipid head groups; particularly, sucrose depressed the Tm 
in dry liposomes. 
Working with somatic carrot (.Daucus carota) embryos rendered desiccation 
intolerant by fast drying, Tetteroo et al. (1996) observed a 20% decrease in phospholipids 
and increases in free fatty acids. Injured membranes analyzed by freeze fracture exhibited 
proteins irreversibly aggregated, intramembranous particles clustered in membranes, and the 
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transition temperature of the membrane to be above room temperature. These changes were 
not observed in membranes from drying tolerant embryos. Chen and Burns (1991) used 
preconditioning (drying at 35°C prior to high-temperature drying) treatments to induce high-
temperature desiccation tolerance. They found that PC/PE ratios increased from 3.6 to 8.0 
within 48h as the high temperature desiccation tolerance was induced during preconditioning. 
In addition, they found a shift in the fatty acid composition of the membrane from linoleic 
acid (18:2) to oleic acid (18:1) during preconditioning. These changes were associated with 
reduction in leakage in response to desiccation and improved seed quality. 
Senaratna et al. (1987) studied in vitro microsomal membranes from axes of soybean 
seed. They used free radicals to stimulate a type of membrane injury following a lethal 
desiccation stress. They observed an accumulation of free fatty acids in the membrane 
bilayer, loss of lipid phosphates, and the formation of a gel phase domain. The major 
phospholipids in the microsomal fraction were phosphatidylcholine, 
phosphatidylethanolamine, and phosphatidylinositol. This may be an indication that 
membrane disassembly following desiccation stress is mediated by a free radical mechanism, 
and the accumulation of saturated free fatty acids alter the physical properties of the 
membrane. Similarly, increased amounts of free fatty acids were correlated with desiccation 
injury in germinating maize radicle (Leprince et al., 1992). 
Gene expression related with acquisition of desiccation tolerance 
Late embryogenesis abundant (LEA) mRNAs and their products LEA proteins have 
been reported to begin accumulating in the embryonic tissue as the onset of desiccation 
tolerance commences, become the most prevalent proteins in dry seed, and disappear during 
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the first 5 to 36 hours of germination (Dure et al. 1981; Galau and Dure, 1981; Galau et al., 
1987; Robertson and Chandler, 1992; Dure, 1997; Han et al., 1997). Synthesis of some of 
these proteins has also been reported in vegetative tissue in response to water stress, salt 
stress, and cold (Close et al., 1997). Abscisic acid (ABA) seems to be directly or indirectly 
involved in the signal transduction mechanism of these transcripts although there is some 
controversy. Galau et al. (1987) found that endogenous accumulation of ABA during 
maturation of cotton (Gossypium hirsutum L.) seed correlated with the accumulation kinetics 
of some but not all the 18 LEA mRNA transcript families identified. During maturation of 
barley (Hordeum vulgare) seed, B15 and raà/dehydrin groups of LEA mRNAs were not 
affected by endogenous levels of ABA while the expression of B19 mRNAs were slightly 
dependent on ABA (Espelund et al., 1995). In maize, expression of a group of LEA mRNAs 
(group 3 or MLG3) coincided with the onset of dehydration and could be induced by de novo 
synthesis of ABA (Thomann et al., 1992). Embryos of Avicennia marina, a recalcitrant 
species, have low levels of ABA during the late stages of development and did not produce 
LEA proteins (review in Farrant et al., 1993). However, five species of temperate 
recalcitrant seed synthesize the D11 family of LEA proteins, but its accumulation seems to 
be limited by low levels of ABA (Finch-Savage et al., 1994). Results from ABA-deficient 
mutants of sunflower (Helianthus annuus L.) indicated that the accumulation of dehydrin 
mRNAs (HaDhn 1 a), a group of LEA mRNAs, appears to be regulated by two pathways, 
one ABA-dependent and one ABA-independent, which may have cumulative effects 
(Giordan! et al., 1999). 
All LEA proteins are generally devoid of tryptophan, rarely contain cysteine, and are 
low in hydrophobic residues. They do not coagulate during boiling; thus, they are "boiling 
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soluble", not boiling stable as erroneously stated (Dure, 1997). Due to their highly conserved 
nature among species, the accumulation pattern, and abundance in orthodox but not in 
recalcitrant seed, LEA proteins have been associated with acquisition of desiccation tolerance 
(Barrat and Clark, 1991; Blackman et al., 1991; Farrant et al., 1993; Finch-Savage, 1994; 
Han et al., 1997); however, the fundamental biochemical role of most proteins remains to be 
elucidated. Dehydrin or LEA D11 proteins (Close et al. 1993) are one of the LEA families 
of proteins that have received much attention in the last decade. Although dehydrins share 
the general characteristics of most LEA proteins, a distinctive characteristic of most of the 
dehydrins is a high consensus of a 15 amino acid sequence EKKGIMDKIKEKLPG (K 
segment) present at or near the carboxyl terminus and repeated upstream once or more 
(Close, 1996; Dure, 1997). The molecular weight of dehydrin proteins ranges from 9 kDa in 
rice (Takahashi et al., 1994) to 200 kDa in wheat (Oullet et al., 1993). In dry maize seed, 
two dehydrin size proteins have been reported, one of ca. 22 kDa which maps to 
chromosome 6L {dhdl/rab-17) (Close et al., 1989; Plana et al., 1991; Ciccardi et al., 1994) 
and the other of ca. 40 kDa which maps to chromosome 9S (dhd2) (Campbell et al., 1998). 
Immunolocalization and cell fractionation studies revealed that dehydrins could be found in 
the cytoplasm and nucleus of various cell types. They also have been observed to be 
associated with protein bodies in maize scutellar parenchyma cells (Close, 1997). 
The putative function of dehydrin has been mostly based on its consensus 15 amino 
acid domain. Dure (1993) predicted the formation of an amphipathic helix by helix-wheel 
representation of the K segment If only 10 to 12 residues of the K segment (IMDKIKEKLP 
or GIMDKIKEKLPG) are taken into consideration in a helix-wheel representation, then a 
class A amphipathic helix (negative charges opposite the hydrophobic face, and positive 
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charges at the polar/non-polar interfaces) is obtained (Segrest et al., 1990). Class A 
amphipathic helices occur in apolipoproteins and facilitate their movement in plasma. The 
amphipathic helices are responsible for the lipid-association properties. It has been 
hypothized that the K segment provides dehydrins with a chaperon-like function in 
interactions with partially denatured proteins or membranes. Thus, stabilizing 
macromolecules under dehydrating conditions (Close, 1996; Close, 1997). 
Dehydrin proteins have been observed to accumulate in different plant tissue under 
several environmental stresses. Correlations between drought adaptation and dehydrin 
accumulation has been reported for wheat (Labhilili et al., 1995) and sunflower (Cellier et al., 
1998). Positive correlations have been reported also under salt stress in Lophopyrum 
elongatum L. (Galvez et al., 1993) and in indica rice varieties (Moons et al., 1995); and under 
freeze treatments for Arabidopsis thaliana (Welin et al., 1994), cowpea (Vigna unguiculata) 
(Ismail et al., 1999), and Rhododendron leaves (Lim et al., 1999). 
Based on the temporal accumulation of dehydrin mRNA and its product in seed 
(Sanchez-Martinez et al., 1986; Galau et al., 1987; Blackman et al., 1991; Vertucci and 
Farrant, 1995; Han et al., 1997) and presence in orthodox but not in recalcitrant wet land 
species (Farrant et al., 1996; Kermode, 1997; Pammenter and Beijak, 1999), these proteins 
have been associated with acquisition of desiccation tolerance. Attempts to correlate the 
presence of dehydrins with acquisition of desiccation tolerance, however, have generated 
controversial results. Bradford and Chandler, (1992) reported that the presence of dehydrin 
proteins were not associated with the inability of wild rice (Zizania palutris) seed to maintain 
high viability under unfavorable dehydration and rehydration conditions. Dehydrin proteins 
were detected before the onset of desiccation tolerance in both Oryza sativa and Zizania 
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palutris rice. The major accumulation of dehydrin proteins occurred after desiccation 
tolerance, and they were not associated with the ability of Oriza sativa of withstand 
dehydration to as low to as 2% as compared with Zizania palutris seed that are not tolerant of 
dehydration below 6% under slow drying conditions (Still et al., 1994). Gee et al. (1994) 
detected the presence of dehydrins in recalcitrant and orthodox seeds and they concluded that 
the presence of these proteins is not diagnostic of desiccation tolerance. Finch-Savage et al. 
(1994) detected the presence of dehydrins under medium-stringency washing hybridization in 
recalcitrant (drying sensitive) mature seed of Quercus robus L., Castanea sative L., Acer 
psuedoplatanus L., Aecer saccharinum L., and Aesculum hippocastanum L. and they 
concluded that the presence of dehydrins alone is not sufficient to confer desiccation 
tolerance in seed; a conclusion that had been proposed previously (Blackman et al., 1992). 
However, Farrant et al. (1996) emphasized that recalcitrant wetland species do not synthesize 
dehydrin proteins and the presence of these proteins in temperate recalcitrant species may 
provide protection against low temperatures and water loss to which the seed may be 
naturally exposed. Wheat embryos attached to the mother plant started accumulating 
dehydrins as desiccation tolerance developed. Detachment of the grain induced the 
appearance of dehydrins at an early age in embryos that were either subjected to the loss of 
relatively small amounts of water or embryos that were kept in a hydrated environment. 
Since raffmose was absent in these treatments, it was concluded that if dehydrins participate 
in the initiation of desiccation tolerance, they are unlikely to do so by interacting with 
raffmose (Black et al., 1999). 
Regardless of the inconsistent information of the importance of dehydrins for 
desiccation tolerance, none of the mechanisms suggested for acquisition of desiccation 
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tolerance is able to overcome alone the cell injury caused by unfavorable drying conditions. 
Instead, desiccation tolerance is a complex and multifactorial trait where each component is 
equally critical, acting in synergism and perhaps controlled at the genomic level; the 
expression of desiccation tolerance components leads to mechanisms of both cellular 
protection, to sustain limited damage during drying itself, and cellular repair, to reverse any 
desiccation-induce changes when the appropriate hydration conditions are re-established 
(Review in Leprince et al., 1993; review in Kermode, 1997) 
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CHAPTER 2. CHANGES IN EMBRYO DRYING RATES DURING THE 
ACQUISITION OF DESICCATION TOLERANCE IN MAIZE SEED 
A paper to be submitted to the Journal of 
Crop Science 
L. Cordova-Tellez and J.S. Burns 
Abstract 
Drying rates of intact maize (Zea mays L.) seed are higher than the embryo rates 
during field maturation and artificial drying. In this study we investigated changes in embryo 
drying rates and their effect on acquisition of desiccation tolerance in maize seed. Ears of 
hybrid maize [B73 x (H99 x H95)] were harvested in 1998, 1999, and 2000 at ca. 55, 50,40, 
and 32% moisture content (mc) and subjected to preconditioning (PC) (ear drying at 35°C 
and 0.47 m/s airflow rate) for 0,12,24,36, and 48h prior to fast drying (shelled seed, 35°C 
and 5.10 m/s airflow rate) treatments to decrease mc ca. 13%. Additionally ears were 
entirely dried under PC (35C) and unhealed air (NH) conditions. At the four harvests, 
different drying phases with distinctive drying rates were evident in embryos of seed dried 
the entire period at PC (35C). The first phase was characterized by a slower drying rate that 
increased with increasing maturation. This phase generally coincided with the PC phase (0 
to 48h). Under rapid drying conditions, on the other hand, embryo mc declined at a faster rate 
down to ca. 40%, follow by an intermediate drying rate down to ca. 20% mc and a slower 
drying rate below this point. As embryo mc declined to 40% at slower drying rates, either 
with PC or field drying, the ability to withstand the faster drying rates of the fluidized bed 
progressively increased. This effect was illustrated by lower cell solute leakage and better 
performance in germination and vigor tests. We conclude that slow embryo drying rates to 
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threshold levels may be crucial to acquire the ability to withstand higher drying rates without 
detrimental effect on seed quality. 
Introduction 
Maize seed in the Midwest is often harvested at moisture contents >40% and 
subsequently dried mechanically to storage levels ca. 12% mc. In seed dryers, heated-air is 
the energy source and transport vehicle to remove moisture vapor from the seed and to carry 
that moisture away from the seed mass. Although drying damage often occurs, it is not clear 
whether high temperature or high drying rates cause the injury. Heat injury during seed 
drying has been poorly defined. Herter and Burris (1989c) suggested that membrane injury 
is one of several expressions of drying damage in seed. This kind of injury has been inferred 
by measuring the electrical conductivity of seed exudates during rehydration (Simon and 
Raja Harun, 1972; Abdul-Baki and Baker, 1973). Electrolyte and sugar leakage were higher 
in seed dried at temperatures >45°C as compared with those dried at temperatures lower than 
35°C (Seyedin et al., 1984; Herter and Burris, 1989c; Peterson, 1997). 
It is well documented that orthodox seed types (tolerant to desiccation) acquire the 
ability to tolerate higher drying temperatures without detrimental effects on seed quality as 
maturation progresses. Maize ears harvested between 40 to 50% mc could be safely dried 
down to 12% mc with temperatures around 40°C (Kiesselbach, 1939; Washko, 1941; 
McRostie, 1949; Navratil and Burris, 1984), whereas ears harvested at mc <25% could be 
dried at 50°C (Navratil and Burris, 1984). Nevertheless, maize ears harvested as early as 30 
days after silking and dried slowly are able to withstand desiccation (Knittle and Burris, 
1976; Peterson, 1997). This may illustrate the importance of drying rate. 
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Maize seed is composed of different tissues, which appear to dry at different rates due 
to their position. Under field drying conditions embryo moisture remains ca. 15% higher 
than whole seed as it drops from 40 to 30%. Below 30% seed mc, the embryo mc decreases 
rapidly to equilibrium with whole seed mc at about 15% (Struve, 1958). This phenomenon 
has also been reported under artificial drying and preconditioning (slow drying prior to fast 
drying) treatments (Loeffler and Burris, 1982; Herter and Burris, 1989b; Peterson, 1997). 
The present study was conducted to increase our understanding of the drying rates of maize 
embryo during seed development and maturation and its implication in acquisition of 
desiccation tolerance. Our specific objectives were to study the changes in maize embryo 
drying rates under preconditioning and fast drying environmental conditions and their 
implications in the acquisition of desiccation tolerance as quantified by standard germination, 
seed leakage, and vigor tests. 
Materials and Methods 
Plant material 
The material used in this experiment was the hybrid between the inbred line B73 and 
the sister line H99 x H95 used as female and male, respectively. These lines were grown in 
1998,1999, and 2000 at the Curtis Farm, Iowa State University, Ames, IA. Each year ears 
were bulk harvested at ca. 55,50,40, and 32% moisture content, as measured by the oven 
method (Lawrence, 1961) but 105°C for 24h were used instead. At each harvest after 
dehusking, ears with similar maturation characteristics (color, milk line, black layer) were 
selected to reduce moisture variability. These ears were placed in mesh plastic bags and 
assigned to the respective drying treatment 
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Drying treatments 
In this experiment seed was dried in two drying phases. In the first phase, ears were 
subjected to a preconditioning (PC) environment using experimental thin-layer dryers 
(Navratil and Burris, 1982). The air temperature was set ca. 35°C, airflow rate of 0.47 m/s, 
and ca. 25% RH. Ears were preconditioned for 0,12,24,36, and 48h. After PC, the mid-ear 
portion was hand-shelled and transferred to the second drying phase. In this phase, a 
fluidized bed dryer or fast drying system was set at 35°C, 5.10 m/s airflow rate, and ca. 
25%RH. Seed was dried down to about 13% mc under these conditions. Additionally, as 
negative controls, ears were dried entirely under PC (35C) or without adding heat to air 
(NH). For all the treatments three replications of 5 ears were used. Seed was stored at 10°C 
and 50% RH until seed quality evaluation was performed. 
Moisture content 
Moisture content was measured using the oven method (105°C for 24h). In 1998 and 
1999 moisture content was determined after each preconditioning time in three replications 
of 10-intact seeds and 5-excised embryos. In 2000, embryos were excised in a humidified 
chamber at ca. 75% RH and three replications of 5-seeds and 5-embryos were used instead. 
In addition to determine mc prior to fast drying, measurements were continued every 12h 
until full drying was achieved. Furthermore, at each harvest, intact seed and embryo mc 
were monitored at intervals of 30 min during the fast drying treatment in seed which had 
been PC for 0,24, and 48h. Additionally, mc was determined at irregular intervals as seed 
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maturation and drying occurred under field conditions. Moisture contents are reported as 
percentage on a wet basis and drying rates are calculated at particular drying periods. 
Seed quality evaluations 
Standard germination in rolled towel (7 d at 25°C), soil-free cold tests (Loeffler et al., 
1985; 7 d at 10°C followed by 7 d at 25°C), and accelerated aging (AA) tests (Delouche, 
1996) were conducted on 100 untreated-seeds/lot divided into four replicates of 25 seeds. 
Seedlings were evaluated according to Association of Official Seed Analysts (AOSA) Rules 
(1992). Seedlings classified as normal in the standard germination tests were separated into 
shoot and root tissue and dried at 105°C for 24h and weighed to obtain seedling dry weight 
(SOW) and shoot to root ratio (S:R). Electrical Conductivity was measured using the 
Individual Seed Analyzer, Genesis-2000 (Wavefront, Inc., Ann Arbor, MI) on 100 seeds/lot 
divided in four replicates of 25 seed. In each cell 3.75 ml of distilled H%0 were added and 
readings were taken after 24h soaking at room temperature and values are reported in ps/mg 
of seed tissue ca. 12% mc. Standard germination tests were also conducted on seed after 
conductivity readings, a procedure we call the "soak test". 
Statistical analysis 
The experimental layout was a randomized complete block design considering dryers 
as blocks. Seed quality data were analyzed each year by harvest using the Statistical 
Analysis System (SAS) and for moisture content data the standard error of the mean is 
reported. 
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The data on drying rates presented here is the obtained in the year 2000. Data 
collected in 1998 and 1999 during the PC drying phase (0 to 48h) is presented in appendix A. 
Since germination and vigor tests results followed the same trend in all three years only the 
1998 data are presented 
Results 
Changes in moisture content 
During the PC drying phase (0 to 48h), intact seed harvested at 55% mc (Fig. 1A) 
exhibited the fastest drying rate (0.49% pts/h). As seed was harvested at advanced 
developmental stages (lower moisture contents), drying rates decreased slightly to 0.36,0.30, 
and 0.25% pts/h for seed harvested at 50,40, and 32% mc, respectively (Fig. 1B-D). This 
trend was reflected throughout the entire drying period at the PC conditions (35C). On 
average, the highest drying rate (0.40% pts/h) was observed in intact seed harvested at 55% 
mc in comparison with 0.35, 0.28, and 0.22% pts/h for seed harvested at 50,40, and 32% mc, 
respectively. Overall, drying the ears the entire period under PC drying conditions (35C), 
intact seed moisture content decreased linearly not only during the PC phase (0 to 48h) but 
during the entire drying period at the four different harvests (Fig IA-D). The drying patterns 
observed during the PC drying phase in 2000 was consistent with those observed in 1998 and 
1999 (Table A1). 
Embryo drying rates are also dependent upon maturation stage. During the PC phase, 
embryos of seed harvested at 55 and 50% mc in 2000 (Fig. 1 A-B) decreased at about 0.06% 
pts/h. On the other hand, the mc of the embryos of seed harvested at 40 and 32% mc 
decreased at about 0.1% and 0.2% pts/h during the first 36h PC; followed by ca. 0.5 and 
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0.6% pts/h from 36 to 48h PC, respectively (Fig. 1C-D). During the entire drying phase at 
the PC conditions, periods with similar drying rates were evident at each harvest. Thus, three 
drying rate phases could be distinguished in embryos of seed harvested at 55 and 50% mc 
(Fig. 1A-B). A slow drying rate (0.06% pts/h), which coincided with the PC phase (0 to 
48h), an intermediate drying rate (ca. 0.4% pts/h) from 48 to 72h and a fast drying rate (0.8% 
pts/h) in the remaining 36h of drying. On the other hand, two drying rates could be 
distinguished in seed harvested at 40 and 32% mc (Fig. ÎC-D). A slow drying rate (0.1% 
pts/h) and (0.2% pts/h) during the first 36h for seed harvested at 40 and 32% mc, 
respectively, and a fast drying rate (ca. 0.5% pts/h) for both harvests. In all harvests, 
embryos attained equilibrium mc with intact seed at mc below 14% and the total drying time 
to achieve this percentage was 108h for seed harvested at 55 and 50% mc and 96 and 84h for 
seed harvested at 40 and 32% mc, respectively. This drying pattern was similar to that 
observed in 1998 and 1999 (Table Al). 
Embryo mc is very similar to intact seed at mc higher than 50% (Fig. 2). Below this 
point, as maturation progresses in the field, intact seed mc decreased at faster rates than the 
embryo exhibiting a difference of ca. 10-12% as intact seed dry from ca. 40 to 25%; then, the 
embryo moisture declined rapidly and reached equilibrium with intact seed at about 15% mc. 
Under PC drying (35C), embryo-moisture loss followed the same trend observed under field 
drying conditions. Nevertheless, a difference in mc >15% could be observed between intact 
seed and embryo as moisture content declined from ca. 40-25% for seed harvested at 55 and 
50% mc (Fig. 1A, B). This difference became <15% for seed harvested at 40 and 32% mc 
(Fig. 1C, D). 
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In the fluidized bed, seed harvested at 55 and 50% mc and dried without PC exhibited 
an intact seed drying rate ca.10% pts/h as it dried to ca. 40% mc (Fig. 3A, 4A). Once 40% 
mc is achieved either with PC or maturation, there seems to be a slight decrease in dying 
rates and the drying trends are comparable within or across harvests (Fig. 3-6). Thus, intact 
seed harvested at 55 and 50% mc (Fig. 3C, 4C) after 48h PC prior to fast drying followed a 
drying pattern similar to seed harvested at 32% mc with Oh PC (Fig. 6A). Intact seed drying 
rates, in general, ranged from 4-6% pts/h as moisture declined from ca. 40 to 23% mc and 
below 23% drying rates slowed to less than 2% pts/h. Under fluidized bed drying, intact seed 
drying rates follow a logarithmic rather than a linear trend at each drying treatment (Fig. 3-
6). 
Embryos of seed dried in the fluidized bed began losing water as soon as the drying 
treatments were initiated. Embryos of seed harvested at 55 and 50% mc dried without PC 
shared similar trends (Fig. 3A, 4A). Consistently, the drying rates are fast (ca. 7.5% pts/h) as 
embryo mc declines down to ca. 42%, which seems to be a breaking point for a slight change 
in the embryo-drying rate (ca. 5% pts/h). Another slight decrease in embryo drying rates (ca. 
2.4% pts/h) occurs below ca. 20% mc. Below 40% mc, embryo-drying rates seem to follow 
a steadier trend for seed harvested at 50% mc than seed harvested at 55% mc. In advanced 
harvests (40 and 32%), embryo drying occurs at slightly lower rates as mc declined to ca. 
40% in comparison with previous harvests (Fig. 5A and 6A). Consequently, the break point 
at ca. 40% became less evident and water seems to be lost in a more organized fashion. PC 
treatments prior to fast drying appeared to simulate the effect of seed maturation but to a 
lesser degree. Embryos of seed harvested at 55 and 50% mc and preconditioned 24h showed 
a slight decrease in drying rates as mc declined to ca. 50% mc (Fig. 3B, 4B). However, with 
38 
increase duration in PC, drying rates were slightly increased, especially between 30 and 50% 
mc (Fig. 3C, 4C). Nevertheless, the break point at 42% mc was no longer evident. The 
effect of PC on seed harvested at 40% was more comparable to the changes observed at 
advanced maturation (Fig. 5B,C and 6B,C). 
Seed quality 
As embryo mc decreases to about 40% mc, changes in embryo drying rates are 
associated with the trends followed by the seed quality parameters used to access the 
acquisition of desiccation tolerance. Fast drying rates, as embryo mc declines to ca. 40%, 
coincided with high electrical conductivity and 0% germination in standard germination test 
(SGT) in seed harvested at 55% and 50% subjected to fluidized bed drying conditions 
without PC (Oh) and 12h PC (Fig. 7A, B). Conductivity (COND) decreased while standard 
germination increased with longer preconditioning times prior to fast drying. However, even 
48h PC was insufficient to decrease drying injury such that conductivity and standard 
germination values were comparable to those observed in seed dried the entire period at the 
PC conditions (35C) or with unhealed air (NH) (Fig. 7A3)- In both 55 and 50% mc 
harvests, the only change evident in embryo mc prior to fast drying (PC phase) was a 
decrease of ca. 3% pts at very slow drying rates. This suggests that even a very small 
embryo water loss may trigger desiccation tolerance mechanisms but are insufficient to 
manifest complete desiccation tolerance. In addition, maintaining high moisture levels may 
allow ultrastructural and biochemical events associated with desiccation tolerance to occur 
before water becomes a limiting factor. Thus, even though drying rates slightly increased in 
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the fluidized bed for seed following 48h of PC, conductivity decreased and germination 
increased compared to less PC time. 
Electrical conductivity of seed harvested at 40% and dried in the fluidized bed 
without PC was lower than previous harvests (Fig. 7C). Although low, some germination in 
SGT was observed in this treatment. The effect of PC, again, was illustrated in reduced 
conductivity and enhanced germination. Furthermore, less PC time was required to reach 
conductivity and germination values similar to the 35C and NH treatments (Fig. 7C). The 
effect of maturation on conductivity and SGT was also observed in seed harvested at 32%, Oh 
PC (Fig. 7D). However, the PC effect on these quality variables was almost nullified. Thus, 
the embryo ability to withstand the dehydration rates of the fluidized bed may increase as 
embryo mc declines to ca. 40% at slow drying either with PC or field maturation, which in 
turn may be related with embryo water loss in a more organized manner. The shorter PC 
time, in late harvests, required for attaining lower conductivity and better germination 
suggests that desiccation tolerant components may be closer to their threshold levels. 
The impact of fast drying rates (fluidized bed drying) on seed quality appear to be 
more severe if seed is subjected to a stress test such as AA prior to germination. Seed 
harvested at 55% mc exhibited 0% germination with no improvement with PC (Fig. 7A). A 
slight increase in AA after 36h PC was observed for seed harvested at 50% mc and a major 
increase was noted with 48h PC for seed harvested at 40% mc (Fig. 7B and C, respectively). 
On the other hand, AA increased linearly with PC time for seed harvested at 32% mc (Fig. 
7D). At this low mc harvest, AA percentages after 36h PC prior to fast drying were 
comparable with those obtained drying at 35C and NH. Increases in germination after AA 
treatment is associated with low initial embryo moisture contents prior to fast drying. It 
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appears that an initial mc <40% is required to achieve >60% germination in AA and a mc 
<30% to reach percentages >90%. These results support our previous statement that a slow 
embryo-drying rate during PC as well as field maturation might be crucial to acquiring 
desiccation tolerance. 
The trend of the vigor test seedling dry weight and shoot to root ratio in 1998 is 
similar to the one observed in standard germination test (Table A2). Among years, 
percentages vary among treatments, but overall the trend observed in all the vigor tests in 
1998 is consistent with the observed in 1999 and 2000 (Table A3-6). 
Discussion 
Intact seed moisture decreased 23 and 17% pts during the preconditioning phase for 
seed harvested at 55 and 50% mc while embryo moisture decreased only about 3% pts. For 
seed harvested at 40 and 32% mc, intact seed drying rates decreased slightly and embryo-
drying rates exhibited a remarkable increase, particularly from 36 to 48h PC. During the 
entire drying period at the PC (35C) intact seed drying rates decreased linearly whereas 
embryos exhibited distinctive drying phases with different drying rates. Three drying phases 
were evident in embryos of seed harvested at 55 and 50% while only two were evident in 
seed harvested at 40 and 32% mc. At each harvest, the first drying period usually coincided 
with the PC phase and drying rates were lower than the following periods. Overall, the 
embryo-drying pattern coincided with the pattern observed by Herter and Bums (1989b) who 
used preconditioning drying temperature of 50°C before ears were dried at 35°C, and the 
observation by Peterson (1997) who reported that moisture content of embryo axes was 
always higher than intact seed dried at different drying conditions. 
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Strove (1958) reported that under field drying embryo moisture remained ca. 15% 
higher than whole seed in the range of 30-40% mc. Below 30% seed moisture, the embryo 
mc dropped rapidly and reached the whole seed moisture ca. 15%. Our results are in 
agreement with this finding. Furthermore, the embryo drying trend observed under PC 
drying at each individual harvest correlated with the trend observed under field drying 
conditions. However, the difference in moisture content observed between intact seed and 
the embryo is higher under PC drying than field drying, particularly for seed harvested at 55 
and 50% mc. This may be due to the fact that under artificial drying water loss may depend 
mainly on environmental conditions while at this maturation stage water loss in the field may 
depend on environmental conditions as well as rate of storage compound deposition. 
There is no completely logical or accepted explanation for the pattern of embryo 
moisture loss. Herter and Burns (1989b) stated that the slow embryo-drying rate during the 
early drying phase could be associated with its position on the ear. At high moisture content, 
seeds may be closely oppressed to each other restricting dry-air circulation to the seed 
surfaces (mainly endosperm tissue and pericarp), from where water may be removed (Plate 
1 A). As intact seed moisture content decreases during artificial drying as well as with field 
maturation, seed shrink and the space between seeds opens, facilitating dry-air circulation to 
the lower portion of the seed and evaporation of water from embryo tissue (Plate 1B,C). 
Additionally, water migration from embryo tissue (wetter) to dryer tissues may be possible. 
Cob drying patterns were not evaluated in this study but we do not discard the possibility that 
it may also influence embryo drying. These drying characteristics, among others, may also 
be associated with the linear decrease in moisture content exhibited by intact seed. 
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Under the fast drying conditions, intact seed water loss is characterized by a sharp 
decrease during the first drying hours followed by a gradual decrease as drying time 
progresses. These characteristics are more evident at very high mc (>40%) and to a lesser 
extent down to ca. 23% mc. Below this percentage, decreases in drying rate seem to be 
steadier as drying time progresses in all treatments. The embryo, on the other hand, began 
losing water as soon as drying was started and in general follows a trend similar to the intact 
seed. At high harvest moisture (55 and 50%), the embryo exhibited a very rapid drying rate 
down to ca. 40%; followed by a slight decrease as it declines to ca. 20%, below this mc 
another slight decrease in drying rate is evident. With advancing maturation (40 and 32% 
mc), the first two drying rates exhibited slight decreases concomitant with slightly lower and 
more uniform drying rates and consequently a less perceptible break in the drying rate at ca. 
40% mc. PC before fast drying seems to have an effect similar to maturation, but to a lesser 
degree. Furthermore, in some PC treatments there seems to be a slight increase in drying 
rates. 
Changes in embryo drying rates under fluidized bed conditions seem to coincide with 
the types of water in the seed distinguished by calorimetric and motional properties (Vertucci 
and Farrant, 1995). The fast drying rate (down to ca. 40%) coincides with Type 4 water, 
which is believed to be a concentrated solution or capillary water and is detected between 70 
and 45% mc. The slightly lower drying rate (from ca. 40 to 23%) coincides with Type 3 
water, which is suggested to form bridges over hydrophobic moieties on macromolecules and 
is detected between 45 and 25% mc. The low drying rate (below 20% mc) coincides with 
Type 2 water, which has glass characteristics and is believed to have strong interactions with 
polar surfaces of macromolecules of hydroxyl groups or solutes and is detected between 25 
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and 8% mc. In addition, the drying characteristics of an individual seed may also contribute 
to the changes in embryo drying rates observed under fluidized bed conditions. In shelled 
seed the entire surface is exposed to air circulation, which allows rapid evaporation of water 
vapor from the surface (Plate 2A). As a result, water from internal seed tissue will move to 
the periphery of the seed to compensate the moisture gradient (Plate 2A and B). The first 
water to be removed will be the closest to the periphery and weakly tied to macromolecular 
surfaces. Consequently, the farther the water needs to travel from the internal tissue, the 
lower the water available to be removed from the periphery. This may explain the higher 
drying rates observed at high moisture content and lower rates as moisture content decreases 
not only for embryo tissue but also intact seed. Nevertheless, since the embryo is composed 
of living tissue, other intracellular changes may also be associated with the drying pattern. 
An important morphological alteration that seems to coincide with some of these drying 
characteristics is the alignment of lipid bodies along the plasma membrane (Plate 2C and D) 
and this topic will be discussed in detail in the following chapter. 
The slight increase in embryo drying rates exhibited after some PC treatments may be 
associated with the fluidized bed drying characteristics. Since air velocity was fixed, lower 
seed moisture contents at the transfer point to fluidized bed may increase the drying potential 
by increasing the movement of seed within the dryer and decreasing air relative humidity. 
These changes may also take place during the fluidized bed as drying progresses. We 
observed an increase in seed movement as seed mc decreased, however, we did not quantify 
this drying parameter. 
It is evident that high embryo drying rates during the early drying phase resulted in a 
severe negative effect on seed quality as illustrated by high electrical conductivity and poor 
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performance in SGT and AA in almost all treatments subjected to the fluidized bed 
conditions. Nonetheless, in embryos with mc >50% (55 and 50% mc harvests) even a very 
small amount of water loss was associated with lower cell solute leakage and higher 
germination performance. Thus, increases in drying tolerance under the fluidized bed drying 
rates seems to be associated with very slow embryo drying rates during the early drying 
phase and prior to the embryo moisture losses during the fast drying. However, moisture 
threshold levels may vary with the seed quality parameter used. An initial embryo moisture 
content of about 45% prior to fast drying is associated with germination >80% (SGT) and 
low electrical conductivity. This germination percentage in AA was obtained only in those 
embryos with initial moisture content <40% prior to fast drying even though electrical 
conductivity was also low. Decreases in electrical conductivity correlated with increase in 
SGT but not with AA. This suggests that the plasma membrane impairment caused by rapid 
drying rates may be overcome under favorable germination conditions but not if seed is 
exposed to deleterious conditions (AA) prior to germination. Additionally, it may suggest 
that plasma membrane impairment is not the only damage that takes place under fast drying 
conditions. 
The significance of the slow embryo drying rates either with PC or field drying may 
be associated with maintaining moisture levels at which ultrastructural and chemical changes 
associated with desiccation tolerance can occur. Using similar preconditioning treatments 
Chen and Bums (1990) reported increases in the ratio of raffinose/sucrose in maize excised 
embryos and Chen and Burns (1991) reported increases in the ratio phosphatidylcholine to 
phosphatidylethanolamine. Perdomo and Burns (1998) observed that lipid bodies in the 
radicle meristem of seed harvested at mc >40%, first observed throughout cell cytoplasm, 
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were aligned along the plasma membrane with preconditioning drying conditions as well as 
field maturation. Taking samples at different intervals under different drying treatments 
Peterson (1997) reported an increase in the proportion of heat soluble proteins to total protein 
as well as changes in sugar compositions similar to the previous reported by (Chen and 
Bums, 1990). All these changes were associated with an increase in drying tolerance at high 
temperatures and maintenance of high seed quality. In this experiment we investigated the 
alignment of lipid bodies and accumulation profile of dehydrin proteins. However, the 
hypothetical mechanism by which they may participate in the acquisition of desiccation 
tolerance will be presented in following chapters. 
In summary, under field and PC drying conditions embryo-drying rates are lower than 
intact seed. However, different drying phases with distinctive drying rates could be 
identified during the drying period at PC (35C). Drying rates at each phase seem to be 
dependent upon maturation and ear drying characteristics. With fluidized bed drying, on the 
other hand, a very fast drying rate was evident as embryo mc declined to ca. 40%, follow by 
an intermediate and a slower drying rate. Slow embryo drying rates down to ca. 40% mc 
under PC or field maturation were shown to be associated with a progressive increase in 
tolerance to the fast drying rates experienced in the fluidized bed. This in turn resulted in a 
significant impact on seed quality as quantified by conductivity of cell leakages and SGT. 
However, improvement in the AA test seems to require lower initial embryo mc prior to fast 
drying. From these data we could conclude that changes in embryo drying rates at moisture 
contents >40% are associated with changes in seed quality and that slow embryo drying rates 
to threshold levels may be crucial to acquire the ability to withstand higher drying rates 
without detrimental effects on seed quality. 
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Figure 1. Decreases in whole seed and embryo moisture content under the preconditioning 
(PC) drying conditions of seed harvested in 2000 at: A) 55, B) 50%, C) 40, and D) 32% 
moisture content The drying phase denotes PC times for seed transfer to fluidized bed. 
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Figure 2. Decreases in intact seed and embryo moisture contents under field maturation-
drying conditions in 2000. Pollination occurred ca. July 21 and samples were taking at 
irregular intervals from August to September. 
Plate 1. Hypothetical representation of maize seed drying on the ear, A) in an early stage of 
seed development, seed compaction will restrict air movement to the seed surface 
(endospermic area); B) with maturation or moisture loss space between seed is opened and 
air is able to reach lower levels; C) more advance drying stage where air may reach the 
bottom level (embryo) of the seed. Arrows indicate space between seeds and curved arrows 
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Figure 3. Decreases in whole seed (dotted line) and embryo (continuous line) moisture 
content under the fast drying conditions, seed harvested in 2000 at 55% mc and subjected to 
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Figure 4. Decreases in whole seed (dotted line) and embryo (continuous line) moisture 
content under the fast drying conditions, seed harvested in 2000 at 50% mc and subjected to 
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Figure 5. Decreases in whole seed (dotted line) and embryo (continuous line) moisture 
content under the fast drying conditions, seed harvested in 2000 at 40% mc and subjected to 
A) Oh, B) 24h, and C) 48h preconditioning prior to fast drying. 
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Figure 6. Decreases in whole seed (dotted line) and embryo (continuous line) moisture 
content under the fast drying conditions, seed harvested in 2000 at 32% mc and subjected to 
A) Oh, B) 24h, and Q 48h preconditioning prior to fast drying. 
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Water vapor 
Plate 2. Hypothetical model of water loss of an individual shelled maize seed, A) 
evaporation of water from seed surface; B) water migration from internal tissue as maturation 
drying progresses (micrograph at 320x magnification); C and D) water movement to 
intercellular space early during drying and more advanced drying stage (notice the alignment 
of lipid bodies along the plasma membrane). Arrows denote water movement Bar=2|im. 
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Figure 7. Responses of electrical conductivity (COND), standard germination (SGT), and 
accelerated aging (AA) tests of seed harvested at A) 55, B) 50, C) 40 and D) 32% moisture 
content and subjected to preconditioning drying times prior to fast drying. 
59 
























12h 24h 36h 48h 35C NH Oh 
Preconditioning time (h) Controls 
prior to fMt drying 
Figure 7. (Continued) 
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CHAPTER 3. ELUCIDATION OF THE ALIGNMENT OF LIPID BODIES 
ALONG THE PLASMA MEMBRANE AND ITS POTENTIAL ROLE IN THE 
ACQUISITION OF DESICCATION TOLERANCE IN MAIZE SEED 
A paper to be submitted to the Journal of 
Crop Science 
L. Cordova-Tellez and J.S. Bums 
Abstract 
Previous observations in this laboratory on the alignment of lipid bodies along the 
plasma membrane during maize {Zea mays L.) seed drying lead us to further question their 
potential functions as well as their implicated alignment mechanisms. Ears of hybrid maize 
[B73 x (H99 x H95)] were harvested in 1998,1999 and 2001 at ca. 55, 50,40, and 32% 
moisture content (mc) and subjected to preconditioning (PC) (ear drying at 35°C and 0.47 
m/s airflow rate) for 0,12,24,36, and 48h prior to fast drying (shelled seed, 35°C and 5.10 
m/s airflow rate) treatments to decrease seed mc to ca. 13%. Additionally ears were entirely 
dried at the PC conditions (35C) and unhealed air (NH). Transmission electron micrographs 
of a cross section through the radicle meristem revealed that alignment of lipid bodies occur 
first in the root cap, followed by outer and inner core cells. This alignment pattern was 
observed not only under PC but also under field maturation. On the other hand, cell 
plasmolysis and aberrations or perhaps coalescence of lipid bodies were evident in seed 
harvested at mc >40% and subjected to fast drying without PC. Lipid aberrations decrease in 
severity with PC and field maturation and appear to be associated with partial or incomplete 
lipid body alignment prior to fast drying. In addition, alignment of lipid bodies appears to 
regulate embryo-drying rates. Decreases in cell solute leakage and shoot/root ratio and 
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increases in germination and vigor are associated with decreased lipid aberrations. Thus, we 
conclude that alignment of lipid bodies is a progressive process and occurs from the 
periphery to the inner core cells in the embryo radicle. Alignment of lipid bodies along the 
plasma membrane may change water relations in the cell leading to a more organized 
dehydration during seed drying. High embryo drying rates may prevent alignment of lipid 
bodies along the plasma membrane and are associated with low seed quality. 
Introduction 
Orthodox seed undergo severe dehydration in the final stage of their life cycle. Prior 
to dehydration, these seeds accumulate specific storage compounds, such as non-reducing 
sugars, phospholipids and late embryogenesis abundant (LEA) proteins, which may protect 
against the deleterious effect of water loss. Unlike most other cultivated crops, hybrid maize 
seed is usually harvested at moisture contents >40% and mechanically dried to about 12%. 
Thus, the dehydration phase takes place in an artificial dryer, in which heated-air is the 
energy source to remove water at higher rates than under natural environmental conditions. 
Seed quality is often reduced by artificial drying although the impairment mechanisms 
remain poorly understood. 
Although several chemical and molecular mechanisms associated with desiccation 
tolerance have received attention in the last decade, few studies have addressed 
ultrastructural changes during this event. Klein and Pollock (1968) observed that polysomes 
disappeared and ribosomes appeared free in cell cytoplasm of embryo axes of lima beans 
(Phaseolus lunatus L.) during maturation. Also, mitochondrial matrices appeared optically 
empty with the cristae less swollen, and the chloroplast grana were absent The authors 
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concluded that structural changes in the seed during maturation drying are not destructive but 
rather a consequence of physiological modifications that may be necessary to withstand 
dehydration. Depletion of plastid starch during acquisition of desiccation tolerance has been 
reported in mustard (Sinapis alba L.) embryos (Fisher et al., 1988) and in radicle cells of 
Brasica campestris seed (Leprince et al., 1990). This depletion of plastid starch 
corresponded with the appearance of stachyose and increases in sucrose during the 
acquisition of desiccation tolerance (Leprince et al., 1990). Beijak et al. (1992) observed 
fewer vacuoles at maturity (desiccation tolerant stage) as compared with a significant 
increase in vacuoles during early germination in Landophia kirkii. Farrant et al. (1997) 
observed that seeds of Avicennia marina (a recalcitrant tropical wetland species) remained 
highly vacuolated during maturation and did not accumulate insoluble reserves; on the other 
hand, Aescuius hippocastanum (a recalcitrant temperate species) and Phaseolus vulgaris (an 
orthodox species) decreased the level of variolation and increased the deposition of 
insoluble reserves. Moreover, mitochondria and endomembranes degenerated during the 
development of A. hippocastanum and P. vulgaris seeds, but remained unchanged in A. 
marina seeds. Perdomo and Burris (1998) reported that lipid bodies, first observed scattered 
throughout the cell cytoplasm in radicle meristems, migrated toward the cell wall during 
preconditioning drying in seed harvested at 40 and 50% mc. Peterson (1997) observed that 
lipid body migration toward the cell wall was impaired in maize seed harvested at mc >40% 
and subjected to fast drying conditions (fiuidized bed). The ultrastructural event of lipid 
body alignment along the plasma membrane leads to further speculations as their potential 
function as well as to alignment mechanism(s). The present study was conducted to further 
investigate the movement of lipid bodies toward the cell wall and their potential to regulate 
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water loss from embryo tissue and acquisition of desiccation tolerance. Preconditioning 
drying treatments followed by fast drying (fluidized bed) were used as a desiccation 
hardiness model. Lipid bodies were detected by transmission electron microscopy and seed 
quality was quantified by electrical conductivity of seed leakage and several other seed 
quality tests. 
Material and Methods 
Plant material 
Ears of the hybrid [B73 x sister line (H99 x H95)] were harvested in 1998,1999, and 
2000 at ca. 55,50,40, and 32% mc. Drying treatments were conducted as previously 
described. In brief, ears were subjected to preconditioning (ear drying, at 35°C air 
temperature, 0.47 m/s air flow rate, and ca. 25% RH) for 0,12,24,36, and 48h prior to fast 
drying. After PC, the ear-mid portion was shelled and subjected to fluidized bed or fast 
drying (35°C air temperature, 5.10 m/s airflow rate, and ca. 25%RH) and dried down to about 
13% mc. Additionally, as negative controls, ears were dried the entire period at PC 
conditions (35C) or without adding heat to air (NH). For all the treatments three replications 
of five ears were used. 
Alignment of lipid bodies 
Transmission Electron Microscope (TEM) observations were made of the embryo 
axes of seed harvested in 2000 at 50% mc preconditioned for 0,24,48h before fast drying. 
After this period, samples were taken every 24h from ears that were left to dry under the 
preconditioning drying conditions for the entire period (35C treatment). Additionally, axes 
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of seed harvested at 40 and 32% mc with Oh PC were observed for the effect of maturation 
on the alignment of lipid bodies. Axes were prepared according to the protocol used by 
Perdomo and Burris (1998) with slight modifications (complete protocol in Appendix B). In 
brief, five axes were immediately excised and fixed in paraformaldehyde-glutaraldehyde 
phosphate buffer solution for 24h at 4°C. Axes were then rinsed and double fixed with 
osmium tetroxide for 24h. Then, axes were dehydrated in ethanol series (25, 50, 70,95, and 
100%) for different time periods. Axes were imbibed with Spurrs resin/acetone series and 
finally cast with pure resin. Cross sections of about 80 nm of the radicle meristem (Plate 1 A) 
were examined and photographed in root cap (1), outer core (2), and inner core (3) regions 
(Plate IB) using a JEOL 1200EX STEM (Peabody, MA) and Kodak SO-163 film. In 
addition, to assess the effect of fast drying rates on the alignment of lipid bodies, embryo 
axes of seed having been dried under the different drying treatments in 1998 were processed 
for TEM as descried above but photographs were only taken as close as possible to the 
radicle inner core cells. 
Alignment of LB and acquisition of desiccation tolerance 
In this chapter, alignment of lipid bodies is related to the embryo drying rates and 
seed quality parameters presented in the previous chapter. Although some information will 
be recalled to illustrate the important points, the reader is referred to the previous chapter for 
more details. Accumulation of intact seed and embryo dry matter is reported here as an 
additional variable. This was measured in three replications in 10-intact seeds and 10-
embryos using the oven method (105°C, 24h) at each harvest for the three years the 
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experiment was conducted. Data used for discussion here was obtained in 1998 and the data 
obtained in 1999 and 2000 is presented in Appendix A. 
Results 
Alignment of lipid bodies 
Lipid bodies in seed harvested at 50% mc (ca. 53% embryo mc) were dispersed 
throughout the cytoplasm in root cap, outer core, and inner core cells (Plate 2A, B, and C). 
After 24h PC, lipid bodies were observed well aligned in root cap, partially aligned in outer 
core cells but they remained distributed throughout the cytoplasm in inner core cells (Plate 
2D, E and F). As preconditioning progresses, lipid bodies were aligning in inner tissues. 
After 48h PC (50% embryo mc, Fig. 4) they were completely aligned along the plasma 
membrane in root cap, outer core cells, and in the alignment process in the inner core cells 
(Plate 2G, H, and I). It took 72h under preconditioning drying to observe complete 
alignment in the three locations, root cap outer and inner core cells, in seed harvested at 50% 
mc (Plate 2J, K and L). This coincided with 40% embryo moisture content (Fig. 4). In seed 
harvested at more advanced maturation stages (ca. 40 and 50% mc intact seed and embryo, 
respectively) without preconditioning (Oh), lipid bodies were in the alignment process in root 
cap and outer core cells but they were observed more distant from the plasma membrane in 
the inner core cells (Plate 2M, N, and O). With further maturation (ca. 32% and 44% mc 
intact seed and embryo, respectively) lipid bodies were completely aligned in root cap and 
outer core cells and in the alignment process in the inner core cells (Plate 2P, Q, and R). 
The fast drying rates of the fluidized bed severely disturbed the alignment of lipid 
bodies. Radicle meristem cells of seed harvested at 55 and 50% mc dried in the fluidized bed 
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without PC showed the most severe ultrastructural aberrations (Plate 3 A and B). 
Coalescence of lipid bodies and cell plasmolysis were evident in these treatments. 
Additionally, the nucleus, nucleolus, mitochondria and other organelles visible prior to fast 
drying became undetectable. The severity of these cell aberrations decreased with 
preconditioning and advanced maturation. Thus, radicle meristem cells of seed harvested at 
55 and 50% mc that had been preconditioned for 48h prior to rapid drying showed some 
round LB aligned along the plasma membrane (Plate 3C and D). Although atypicaly-shaped 
lipid bodies were observed, they were also aligned along the plasma membrane. 
Additionally, plasmolysis is less severe and the nucleus, nucleolus and other organelles are 
detectable. All these morphological improvements were more remarkable in seed harvested 
at 50% than at 55% mc, both with 48h PC. On the other hand, in seed harvested at 40% mc, 
lipid bodies that were observed in the alignment process prior to fast drying were able to 
achieve some alignment although aberrations and coalescence of LB occurred along the 
plasma membrane (Plate 3E). These previous cell aberrations were almost undetectable in 
seed harvested at 32% mc and fast dried without PC (Plate 3F). Alignment of LB and normal 
cell morphology was obtained in seed harvested at 55 and 50% mc and dried the entire time 
under unheated-air (NH) or preconditioning (35C) (Plate 3G and H). The impaired 
alignment of lipid bodies observed under the FB conditions (fast drying rates) may suggest 
the importance of a slow or moderate embryo drying rate to achieve well organized 
alignment of LB along the plasma membrane. 
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Alignment of LB and acquisition of desiccation tolerance 
In the previous chapter we pointed out that embryo-drying rates could be associated 
with the alignment of lipid bodies along the plasma membrane. Thus, we will address this 
point in this chapter. Although a couple of drying rate figures are recalled here to illustrate 
the most important points, readers are referred to the previous chapter for more details. The 
rapid embryo water loss down to ca. 42% in seed harvested at 55% mc and 50% mc (Fig. 1 A) 
and subjected to fast drying without PC coincides with failure in alignment of lipid bodies 
prior to drying. We assume that at about 40 to 42% embryo mc, lipid bodies were already 
arranged as they are observed at the end of drying (Plate 3 A, and B), which may slow down 
the drying rates. These disturbances in embryo drying were less severe in seed harvested at 
40% mc and not detectable in seed harvested at 32% mc (Fig. IB). This in turn coincided 
with partial and complete alignment of lipid bodies in root cap and outer core cells of seed 
harvested at 40 and 32% mc, respectively, prior to fast drying. With PC treatments, some 
alignment of lipid bodies was observed, which may be associated with the changes in embryo 
drying rates observed in our treatments. In general, lipid bodies appear to be aligned along 
the plasma membrane all across the radical meristem cells at ca. 40% embryo mc and below 
this point embryo drying rates decreased slightly and water appears to be lost in a more 
organized fashion. Alignment of lipid bodies along the plasma membrane may suggest 
changes in water relations within the cell, concomitant with a decrease in area exposed to 
water loss around the cell periphery. 
Cell aberrations, particularly in the lipid bodies, observed in seed harvested at 55 and 
50% mc and fast dried without preconditioning coincided with very high cell solute leakage 
as quantified by electrical conductivity and 0% performance in standard germination test 
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(SGT) (Fig. 2A and B). With advanced maturation (40% mc harvest) lipid body aberrations 
decreased in severity, consequently cell solute leakage decreased and some germination was 
observed at Oh PC. On the other hand, seed harvested at 32% mc and fast dried without 
preconditioning exhibited the lowest cell solute leakage and 100% germination. At this low 
harvest mc, lipid bodies that were partially aligned along the plasma membrane prior to fast 
drying were observed well aligned after the drying. Decreases in cell solute leakage and 
enhanced germination with preconditioning treatments (Fig, 2 and 3) are associated with 
better alignment along the plasma membrane and only minor aberrations of the lipid bodies. 
Very low cell solute leakage and high germination performance were observed even in seed 
harvested at very early stages (55 and 50% mc) as long as they were dried the entire period 
under unheated-air (NH) or preconditioning (35C). These treatments also achieved complete 
alignment of lipid bodies. 
The cold and "soak" (germination of seeds after conductivity test reading) tests 
followed trends similar to standard germination, although percentages were lower in some 
treatments due to the stress conditions prior to germination (Appendix A2). Seedling dry 
weight also increased with preconditioning treatments as well as with advances in maturation 
(Fig. 3A). Shoot to root ratio, on the other hand, was very high in seed harvested at 40% mc 
Oh PC and in seed harvested at 50% with 24h PC prior to fast drying (Fig. 3B). With 
advancing maturation (32% mc) and preconditioning treatments shoot to root ratio decreased 
with the exception of seed harvested at 55% mc. Germination observed in early 
preconditioning treatments in seed harvested at 55% mc might come from seeds that 
"escape" the drying effect perhaps due to advanced maturation. Consequently these seeds 
have very good germination performance and this may result in the pattern obtained in shoot 
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to root ratio. Changes in all these seed quality variables, like standard germination, were also 
associated with better alignment of lipid bodies. On the other hand, as discussed in the 
previous chapter, accelerated aging followed a unique pattern. Germination percentages 
>60% were obtained with embryo mc ca. 40% prior to fast drying. This also may be 
associated with alignment of lipid bodies all across radicle meristem cells prior to fast drying. 
Discussion 
Lipid bodies in seed harvested at moisture contents >50% were observed distributed 
throughout the cytoplasm across the radicle tissues. Preconditioning treatments as well as 
advances in maturation allowed these lipid bodies to migrate toward the cell wall and align 
along the plasma membrane. Alignment within the radicle cross section occurred first in root 
cap cells followed by outer and inner core cells. That is, the alignment proceeded from 
peripheral to inner radicle meristem cells. This pattern was observed both under 
preconditioning treatments and with field maturation. This migration pattern suggests that 
cell water loss might be associated with the movement of lipid bodies toward the cell wall 
although we do not discard the participation of molecular changes or other mechanisms. 
During drying, water from the embryo axes may be first removed from the periphery tissue, 
and as drying progresses water from internal tissues may move through intercellular spaces 
toward the periphery to diminish a gradient created by the drying (Plate 4A-D). Thus, we 
speculate that as water leaves the cells, lipid bodies may move with it until they reach the 
plasma membrane. Although embryo moisture decreased only slightly (from 53 to 50%) 
during the preconditioning phase in seed harvested at 50% mc (Fig. 4), this water loss may be 
sufficient to trigger the alignment of lipid bodies in root cap and outer core cells from where 
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water may have been removed. However, longer drying periods under the PC conditions 
may be required to remove water from the inner core and consequently to align lipid bodies 
along the plasma membrane, which appears to occur at ca. 43% embryo mc (Fig 4, Plate 2L). 
These observations are in agreement with the finding of Perdomo and Bums (1998) who 
reported that lipid bodies were more aligned along the plasma membrane in radicle meristem 
cells in seed harvested at mc >40% under preconditioning drying conditions that allowed 
removal of seed moisture. While lipid bodies were in the alignment process in root cap and 
outer core cells in seed harvested at 40% mc (ca. 50% embryo mc), they were well aligned in 
those cells in seed harvested at 50% mc after 48h PC (50% embryo mc). Since embryos have 
the same mc, this alignment difference may be associated with accumulation of storage 
compounds that substitute for water space and maintain cell turgor pressure in seed harvested 
at 40% mc. This hypothesis is supported by the linear increase in accumulation of dry matter 
in intact seed and embryo from 55 to 40% mc (Fig. 5). Fisher et al. (1988) reported that 
during desiccation, embryo axes of mustard seed (Sinapis alba L.) were able to retain turgor 
pressure despite severe intact seed water loss. From 40 to 32% mc there is a remarkable 
decrease in the rate of accumulation of intact seed and embryo dry matter (Fig. 5). Thus, 
during this period more water may move to intercellular spaces with the drying processes as 
described above. This may be associated with the alignment of lipid bodies in root cap and 
outer core and partial alignment in inner core cells in seed harvested at ca 32% mc (43% 
embryo mc). 
Work in this laboratory reported impairment in the alignment of lipid bodies along 
the plasma membrane in ears harvested at mc >40% and dried in a fluidized bed (Peterson, 
1997). Under our drying treatments, we observed not only impairment in the alignment 
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process due to the fast drying rates exhibited in the fluidized bed, but also cell plasmoysis 
and aberrations or perhaps coalescence of lipid bodies. Lipid body aberrations appear to be 
more severe in those seeds subjected to fluidized bed drying prior to alignment of lipid 
bodies along the plasma membrane. These aberrations decreased in severity either with 
preconditioning or field maturation, conditions that promote the movement of lipid bodies 
toward the cell wall. In addition, our observations support the finding of Peterson (1997) that 
seed harvested at early maturation stages (in our case >50% mc) are able to achieve 
alignment of lipid bodies as long as they are dried slowly. This in turn revealed the 
importance of slow embryo drying rates down to about 40% mc (below 30% intact seed mc), 
which appears to be the point at which lipid bodies are aligned across all radicle meristem 
cells. However, this is not suggested as a general recommendation because we evaluated 
only one genotype and this threshold level may vary and needs to be further investigated. 
The occurrence of aberrations or perhaps coalescence of lipid bodies remains 
unexplained, although it may be associated with the formation of the lipid body itself. Lipid 
or oil bodies are composed of a matrix of triacylglycerols, surrounded by a phospholipid 
monolayer, and a set of interfacial proteins termed "oleosins" (Huang, 1992; Murphy, 1993). 
Huang (1992) and Cummins et al. (1993) proposed that one of the physiological roles of 
oleosins is to prevent coalescence of oil bodies as they come close to one another during 
maturation drying. However, there is controversy in the literature on how and when oleosins 
become part of the lipid body surface. Cummins et al. (1993) found that dehydration of oil 
bodies from young embryos resulted in the breakdown and coalescence into large clumps 
that could not be re-emulsified, even after rehydration. In contrast, the oleosin-rich oil 
bodies from mature embryos were stable to dehydration and subsequent rehydration. 
72 
Although oleosin and TAG accumulation occurred at overlapping periods in rapeseed, 
coriander, and barley, the maximal rate of net TAG accumulation considerably precedes that 
of oleosin (Aalen, 1995; Murphy and Cummins, 1989a; Ross and Murphy, 1992). However, 
concomitant oleosin and oil accumulation from 13-33 DAP has been reported for maize 
embryos (Tzen et al., 1993). Nevertheless, we used different hybrid and harvesting was 
started about 33 DAP. Additionally, we do not discard the possibility that cell plasmolysis 
may restrict cell area in such a large scale that lipids bind to each other and in the one-
dimensional sections we observed clusters or aberrations. Thus, further research is required 
to clarify the disturbance observed in the alignment of lipid bodies along the plasma 
membrane. 
Alignment of lipid bodies also appears to be involved in regulating cell water 
withdrawal from embryo tissue. The rapid decline in embryo mc to ca. 42% in early harvests 
(55 and 50% mc) under rapid drying occurred prior to alignment of lipid bodies. As 
alignment of lipid bodies along the plasma membrane is taking place either with 
preconditioning or field maturations embryo drying rates appear to slightly decrease and 
water loss occurs in a more organized fashion. These observations suggest that alignment of 
lipid bodies along the plasma membrane may decrease cell surface exposed to loss of water, 
which may lead to a change in water relations within the cell and consequently more 
organized dehydration during seed drying. 
Perdomo and Bums (1998) and Peterson (1997) reported that alignment of lipid 
bodies along the plasma membrane was associated with low cell solute leakage and enhanced 
germination. Our results are in agreement with these finding. Additionally, we observed 
higher performance in cold test, "soak test", and seedling dry weight and lower shoot to root 
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ratios in those treatments that exhibited better alignment of lipid bodies along the plasma 
membrane. Accelerated aging test percentages were above 60% germination only with 
embryo mc ca. 40% prior to fast drying and alignment of lipid bodies across the radicle 
meristem cells. This suggests impairment in other mechanisms, variation in seed maturation 
or both, although more research is required to clarify this observation. In general, alignment 
of lipid bodies along the plasma membrane may regulate embryo-drying rate and contribute 
in the acquisition of desiccation tolerance as expressed by lower cell solute leakage and high 
germination performance under diverse germination conditions. Alignment of lipid bodies 
appears to be a common phenomenon and has been reported during seed maturation in 
embryos of Phaseoulus vulgaris (Dasgupta et al., 1982), Brassica campestris (Leprince et al., 
1990), Cuscuta pedicellata and C. campestris (Lyshed, 1992), and white spruce somatic 
embryos (Misra et al., 1993). Farrant et al. (1997) presented micrographs of embryos of 
recalcitrant and orthodox spices. Alignment of lipid bodies is evident in dry radicle meristem 
of P. vulgaris but not in the recalcitrant species Avicennia marina and Aesculus 
hipocastanum at their developmental stage 3. Nevertheless, none of these authors refer to its 
alignment mechanism and participation on desiccation tolerance. 
From this data we could conclude that the alignment of lipid bodies is a progressive 
process and occurs from the periphery to the inner core cells in the embryo radicle. Slow cell 
water withdrawal may participate in the movement of lipid bodies toward the cell wall. 
Alignment of lipid bodies along the plasma membrane may change water relations in the cell 
leading to a more organized dehydration during seed drying. Rapid embryo drying rates may 
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Plate 1. Illustration of tissues and lipid bodies in radicle meristem of maize embryo axes: A) 
longitudinal section of radicle meristem (182x magnification, arrow indicates the sectioning 
location); B) cross section of radicle meristem (194x magnfication), numbers indicate 
locations from where micrographs were taken (root cap (1), outer core (2), and inner core 
(3)); C) Scanning electron micrograph where lipid bodies can be observed in three-
dimension; D) transmission electron microscope micrograph in which lipid bodies are 
observed in one-dimension. Bar=2pm. A and C photographs were courtesy of Dr. J. A. 
Hartwigsen. 
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Plate 2. Movement of lipid bodies toward the cell wall during preconditioning and field 
maturation in cells of the embryo radicle: root cap (A), outer (B) and inner (C) core cells of 
seed harvested in 2000 at 50% mc without PC; after 24h PC root cap (D), outer (E) and inner 
(F) core cells; after 48h PC root cap (J), outer (H) and inner (I) core cells. After 72 drying 
under PC (35C) root cap (J), outer (K) and inner (L) core cells; root cap (M), outer (N) and 
inner (O) core cells of seed harvested at 40% mc without PC; root cap (P), outer (Q) and 
inner (R) core cells of seed harvested at 50% mc without PC. Bar=2^m. 

Plate 2. (Continued) 

Plate 2. (Continued) 

Plate 3. Alignment of lipid bodies along the plasma membrane in inner core radicle 
meristem cells after the seed was dried under different conditions in 1998, A) seed harvested 
at 55% mc without PC; B) seed harvest at 50% mc without PC; C) seed harvested at 55% mc 
with 48h PC prior to fast drying; D) seed harvested at 50% mc with 48h PC prior to fast 
drying; E) seed harvested at 40% mc without PC; F) seed harvested at 32% mc without PC 
prior to fast drying; G) seed harvested at 55% dried the entire period at NH; H) seed 
harvested at 50% dried the entire period at 35C. Bar=2|im. 





Plate 4. Hypothetical model of water loss of an individual shelled maize seed, A) 
evaporation of water from seed surface; B) water migration from internal tissue with 
advances in maturation or artificial drying; C and D) water movement to intercellular space 
early during drying high moisture content seed (>50%) and more advance maturation stage 
or drying time of seed harvested at moisture contents >50% (Notice the alignment of lipid 
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Figure 1. Moisture loss in intact seed and embryo of seed harvested in 2000 at 50% (A) and 
32% (B) mc and subjected to fast drying without preconditioning. 
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Figure 2. Electrical conductivity (A) and standard germination test (B) of seed harvested in 
1998 at different moisture contents and subjected to preconditioning drying times prior to 
fast drying. 35C= drying the ears the entire period under the preconditioning conditions, 
NH= drying the ears the entire period with unhealed air. 
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Figure 3. Seedling dry weight (A) and shoot/root ratio of seedling drying weight (B) of seed 
harvested in 1998 at different moisture contents and subjected to preconditioning drying time 
prior to fast drying conditions. 35C= drying the ears the entire period under the 
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Figure 4. Moisture loss in intact seed and embryo of seed harvested at 50% mc in 1998 and 
subjected to preconditioning (PC) drying conditions. Preconditioning phase denote those 
treatments that were transfer to the fast drying following preconditioning. Bars indicate 
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Figure 5. Seed (SDW) and embryo (EDW) dry weight of seed harvested in 1998 at different 
moisture contents. Bars indicated standard error of the mean. 
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CHAPTER 4. CHANGES IN THE ACCUMULATION PROFILE OF DEHYDRIN-
LIKE PROTEINS DURING THE ACQUISITION OF DESICCATION TOLERANCE 
IN MAIZE SEED 
A paper to be submitted to the Journal of 
Crop Science 
L. Cordova-Tellez and J.S. Burns 
Abstract 
Preservation of high seed quality during artificial drying is an important concern in 
the maize seed industry. In this study we investigated the temporal accumulation of 
dehydrin-like proteins and their changes under artificial drying during the acquisition of 
desiccation tolerance in maize (Zea mays L.) seed. Ears of hybrid maize [B73 x (H99 x 
H95)] were harvested in 1998, 1999, and 2000 at ca. 55,50,40, and 32% moisture content 
(mc) and subjected to preconditioning (PC) (ear drying at 35°C and 0.47 m/s airflow rate) for 
0,12,24,36, and 48h prior to fast drying (shelled seed, 35°C and 5.10 m/s airflow rate) 
treatments to decrease seed moisture to ca. 13%. Additionally, ears were entirely dried at the 
PC conditions (35C) and with unhealed air (NH). Dehydrin-like proteins were detected by 
Westem-blot assay during seed maturation, germination, and prior to and after the fast drying 
treatment. Additionally, immunocytolabeling was evaluated in seed harvested at 55 and 32% 
mc subjected to fast drying without PC. The antibody detected a group of dehydrin-like 
protein of ca. 22 kDa and another of ca. 40 kDa. These proteins were first detected about 
midway during seed development and increased in abundance progressively through 
physiological maturity. During germination became hardly detectable when the root reached 
ca. 2 cm in length and shoot visible. The expression of the 40 kDa group occurred later and 
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disappeared earlier than the 22 kDa group. There were slight but detectable increases of both 
groups of dehydrin-like proteins in seed subjected to fast drying conditions with increases in 
PC time prior to fast drying, particularly in seed harvested at 55 and 50% mc. These slight 
increases concurred with decreases in cell solute leakage and increases in germination 
performance. Immunogold label was located in an interspersed manner throughout the 
cytoplasm, on the surfaces of lipid bodies and at or near the plasma membrane. We conclude 
that these results support the hypothesis that dehydrin proteins may function as a protective 
mechanism during cell dehydration, resulting in reduced membrane leakage and increased 
germination. But dehydrin proteins alone may not be sufficient to provide desiccation 
tolerance to fast drying rates in maize seed. 
Introduction 
Orthodox seed species undergo a phase transition from desiccation intolerance to 
tolerance during their life cycle. Accumulation of dehydrin or LEA Dll proteins (Close, 
1993) occurs during this transition. These proteins are hydrophilic, boiling soluble, devoid of 
tryptophan, rarely contain cysteine, and low in hydrophobic residues. A distinctive 
characteristic of most dehydrins is a highly conserved consensus 15 amino acid sequence 
domain EKKGIMDKIKEKLPG (K segment) present at or near the carboxyl terminus and 
repeated one or more times upstream (Dure, 1993; Close, 1996). The putative function of 
dehydrin proteins is based on this K segment It has been hypothized that this segment 
provides dehydrins with a chaperon-like function in interactions with partially denatured 
proteins or membranes. Thus, stabilizing macromolecules under dehydrating conditions 
(Close, 1996; Close, 1997). In dry maize seed, two dehydrin proteins and their genes have 
95 
been reported, one of ca. 22 kDa which map to chromosome 6L (dhdl/rab-l 7) (Close, 1989; 
Plana et al., 1991; Ciccardi et al., 1994) and another of ca. 40 kDa which map to a 
chromosome 9S (dhd2) (Campbell et al., 1998). 
Dehydrins accumulate in different plant tissue in response to several environmental 
stresses. Correlations between drought adaptation and dehydrin accumulation has been 
reported for maize, and barley (Hordeum vulgare L.) (Close, 1989), wheat (Triticum 
aestivum L.) (Labhilili et al., 1995), sunflower (Helianths annus L.) (Cellier, et al, 1998). A 
positive correlation to increase salt stress has been reported in Lophopyrum elongatum L. 
(Galvez, et al., 1993) and in indica rice varieties (Moons et al., 1995). Accumulation in 
response to freezing has been reported in Arabidopsis thaliana (Welin et al., 1994), Cowpea 
(Vigna unguiculata) (Ismail et al., 1999), and Rhododendron leaves (Lim et al., 1999). 
The association between dehydrins and the acquisition of desiccation tolerance in 
seeds is based on the temporal accumulation of mRNA and protein (Sanchez-Martinez et al., 
1986; Galau et al., 1987; Blackman et al., 1991; Vertucci and Farrant, 1995; Han et al., 
1997). Indirect evidence of the participation of dehydrins in the acquisition of desiccation 
tolerance is the fact that they are present in orthodox but not in recalcitrant wet land species 
(Farrant, et al., 1996; Kermode, 1997; Pammenter and Beijak, 1999). However, the presence 
of dehydrin proteins was poorly associated with the inability of temperate recalcitrant seed 
species to withstand low levels of dehydration (Bradford and Chandler, 1992; Gee et al., 
1994; Still, 1994). Farrant et al. (1996) emphasized that recalcitrant wetland species do not 
synthesize dehydrin proteins, and that the presence of these proteins in temperate recalcitrant 
species may provide protection against low temperatures and water loss to which the seed 
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may be naturally exposed. Nonetheless, the role of dehydrins in the acquisition of 
desiccation tolerance in orthodox seed species remains poorly understood. 
Orthodox seed species do not tolerate rapid dehydration at all developmental stages. 
However, maize seed producers often harvest their seed at moisture contents >40% and 
subsequently dry the ears mechanically to safe storage levels. Drying injury is often 
observed under these conditions although the impairment mechanisms remain poorly 
understood. In this study, using preconditioning (slow drying conditions) as a hardiness 
model to tolerate faster drying conditions, we investigated changes in the accumulation of 
dehydrin-like proteins during the acquisition of desiccation tolerance in maize seed. 
Additionally, we studied the accumulation profile of dehydrin-like proteins during seed 
maturation, imbibition and early germination stages. Immunocytolabeling assays of 
dehydrin-like proteins were conducted in radicle meristem cells for two drying treatments. 
Seed quality parameters such as standard germination, accelerated aging, and cell solute 
leakage (electrical conductivity) were evaluated to characterize the acquisition of desiccation 
tolerance. 
Materials and Methods 
Plant material and seed drying 
Ears of the hybrid [B73 x sister line (H99 x H95)] were harvested in 1998,1999, and 
2000 at ca. 55,50,40, and 32% mc. Ears were subjected to preconditioning (ear drying, 
35°C air temperature, 0.47 m/s air flow rate, and ca. 25% RH) for 0,12,24,36, and 48h prior 
to fast drying. After PC the ear-mid portion was shelled and subjected to fluidized bed or 
fast drying (35°C air temperature, 5.10 m/s airflow rate, and ca. 25%RH) down to about 13% 
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mc. Additionally, as negative controls, ears were dried the entire period under PC (35C) or 
with unhealed air (NH). For all treatments three replications of five ears were used. 
Seed sampling for dehydrin-like protein studies 
The expression of dehydrin-like proteins during seed development was characterized 
in samples when embryo mc reached about 68%. Sampling was continued at irregular time 
intervals through physiological maturity. Three ears at similar maturation stages were 
harvested at each sampling time, from which about 100 seeds were detached, frozen in liquid 
nitrogen, and stored at -80°C for further analysis. The remaining seed on the ears were 
placed in plastic mesh bags and dried at room environmental conditions (ca. 24°C and 60% 
RH). After seed was dried to ca. 12% mc, the ear mid-portion was shelled and a sample of 
about 100 seeds was frozen in liquid nitrogen and stored at -80°C. 
Seed harvested at physiological maturity and dried with unheated-air was used to 
study changes in the profiles of dehydrin-like protein during germination. Seed were 
germinated embryo side down on creped cellulose paper wadding (Kim Pack) substrate. 
Samples of 15 seeds were taken at the following stages: dried seed (DS), 24h of imbibition 
(24h-I), radicle close to breaking the pericarp (RP), at germination or radicle protrusion (G), 
when root was ca. 1 cm in length (Rl), and when root was ca. 2 cm in length and the shoot 
was visible (R2). Samples were frozen in liquid nitrogen and stored at -80°C until used. 
Changes in dehydrin protein profiles during drying were characterized using seed 
samples taken after preconditioning (before fluidized bed drying) and after drying. Samples 
were frozen and stored at -80°C until used. Immunocytolabeling of dehydrin-like proteins 
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was carried out in the radicle meristem of dried seed harvested at 55 and 32% mc and 
subjected to fluidized bed drying without preconditioning. 
Protein extraction 
Proteins were extracted by grinding 10 embryo axes from each treatment in ice-cold 
extraction buffer (0.1 M sodium phosphate (pH 7.8), 1 raM EDTA and 1 mM PMSF). The 
resulting homogenate was centrifuged at 20,000 g for 20 min and the supernatant decanted 
into clean tubes. Boiling-soluble proteins were obtained by boiling the supernatant for 15 
min, placing it on ice for 10 min, and then centrifuging again at 20,000 g for 10 min. The 
concentration of boiling-soluble proteins was estimated spectrophotometrically (Bradford, 
1976). 
SDS-PAGE 
SDS mini-gels were made to 4% and 15% acrylamide in the stacking and separating 
phase, respectively and 5 |ig of boiling-soluble proteins per treatment dissolved in 5 |il 
loading or sample buffer (62.5 mM Tris, pH 6.8,20% v/v glycerol, 2% w/v SDS, 5% v/v ($-
mercaptoethanol, and 0.5% w/v bromophenol blue) was loaded into individual lanes. One 
lane was loaded with 8 pi of protein molecular weight standard (Prestained SDS Standard 
Broad Range (BioRad)). Protein fractionation was carried out using the Mini-PROTEAN II 
electrophoresis unit (BioRad) at 60V for ca. 5h. 
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Western blotting 
Following electrophoresis, proteins were electro-blotted to a pure Nitrocellulose 
Membrane (0.45 micron) at 5°C for about 8h at 50V in transfer buffer (25 mM Tris, 192 mM 
Glycine, and 20% v/v methanol). Then, the membrane was rinsed briefly in IX TBS (50 
mM Tris, 150 mM NaCl, pH 7.5) prior to incubation in 25 ml blocking solution (IX TBS + 
5% non-fat dry milk) at room temperature for 2h. The membrane was incubated for 2h with 
a polyclonal antibody against the dehydrin consensus peptide EKKGIMDKIKEKLPG 
(kindly provided by Dr. Timothy J. Close, University of California, Riverside) diluted 1:4000 
in blocking solution. The membrane was then washed three times for 5 min each in IX 
TBST (TBS + 1% v/v Tween 20) and rinsed briefly in IX TBS. Then, the membrane was 
incubated for 2h in a secondary antibody solution containing goat anti-rabbit 
immunoglobulin conjugated to a horseradish peroxidase (HRP) diluted 1:3000 in blocking 
solution. The membrane was then washed as above (but 10 min/wash) and the blot 
developed by incubating the membrane in a solution containing 100 ml IX TBS, 60 pi 30% 
hydrogen peroxide, 65 mg 4-cloro-l-naphthol (BioRad) and 20 ml methanol. Membranes 
were photographed using the Alpha Imager Version 3.3 (Alpha Innotech Corp.). 
Microscopy and immunocytolabeling of dehydrin-like proteins 
Embryo axes were excised and fixed in 3% (w/v) paraformaldehyde, 3% (v/v) 
glutaraldehyde in 50 mM K-phosphate buffer (pH 7.2) solution for 24h at 4°C with one 
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change of solution. Then, axes were rinsed three times (15 min/each) prior to dehydration in 
ethanol series (25,50,70,95 and 100%) for different time periods. Axes were then imbibed 
with LR white resin and cast. Cross-sections of about 80 nm of the radicle meristem were 
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cut with diamond knife in microtome and placed on nickel grids. Grids were floated in 
blocking solution (IX TBS + 5% non-fat dry milk) for 2h at 35°C, followed by incubation for 
4h with the polyclonal antibody against the dehydrin consensus peptide 
EKKGIMDKIKEKLPG diluted 1:25 blocking solution. Grids were then washed with IX 
TBS before incubation with goat anti-rabbit IgG for 4h. Then, grids were washed twice with 
1X-TBST and once with IX TBS and stained with 2% (w/v) uranyl acetate for 20 min. 
Micrographs were taken in the radicle meristem cells using the JEOL 1200EX STEM 
(Peabody, MA) and Kodak SO-163 film. Negative control grids followed the same 
procedure outlined above, except that grids were not incubated with the dehydrin antibody. 
Accumulation of dehydrin-like proteins and acquisition of desiccation tolerance 
In this chapter, changes in the accumulation profile of dehydrin proteins will be 
associated to the seed quality parameter moisture content and standard germination (SGT), 
accelerated aging (AA), and electrical conductivity tests presented in Chapter 2. 
Results 
Changes in the dehydrin protein profile during seed development and germination 
The antibody against the dehydrin consensus sequence detected two molecular-size 
groups of dehydrin-like proteins, one ca. 22 kDa and the other ca. 40 kDa. The number of 
dehydrin-like protein bands varied between the female (B73) and male (H95 x H99). Two 
main dehydrin-like protein bands were detected in the female, one ca. 40 kDa and the other 
ca. 22 kDa. On the other hand, three distinctive protein bands were evident in the male, one 
ca. 40 kDa and two at ca. 22 kDa (Plate 1A). The F1 of these genotypes contained both 
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parental protein bands at ca. 40 kDa. The protein band of ca. 22 kDa with the slowest 
migration may come from the male, but the parental origin of the fastest migrating band in 
this group is not clear because it is present and migrates to the same point in the gel in both 
parents. 
In fresh seed, both proteins were detected about mid way through seed development, 
but the 22 kDa group was detected earlier (68% mc) than the 40 kDa group (58% mc) (Plate 
1 A). Accumulation of both groups of dehydrin-like proteins, judging by band intensity, 
increases progressively through physiological maturity (34% mc). However, no difference 
was observed among the different maturation stages after the seed was dried on the ear at 
room environmental conditions (Plate IB). This suggests that under this drying conditions 
seed harvested at moisture contents >60%, which exhibited undetectable (40 kDa group) or 
low levels (22 kDa group) of dehydrins may be able to induce the expression of those 
proteins to "threshold levels" similar to seed harvested at physiological maturity. 
Seed harvested at physiological maturity (maximum accumulation of dehydrin-like 
proteins) were used to characterize the disappearance of dehydrin-like proteins during 
imbibition and early germination stages. In the immunoblot (Plate 2), a decrease in both 
groups of dehydrin-like proteins (22 and 40 kDa) was evident when the radicle was close to 
breaking the pericarp (RP). Another detectable decrease occurred when the root achieved 
ca. 2cm in length and the shoot was visible (R2). At this germination stage, the group of 
dehydrin-like proteins ca. 40 kDa was almost undetectable, but one of the protein bands of 
the ca. 22 kDa group was easily detectable. 
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Changes in the dehydrin protein profile under different drying treatments 
Drying treatments affected the accumulation of dehydrin-like proteins in seed 
harvested at 55 and 50% mc. Both groups of dehydrin-like proteins (ca. 22 and 40 kDa) 
were detected at low levels in the immunoblot (Plate 3A) from seed harvested at 55% mc and 
subjected to fast drying without preconditioning (Oh). Increases in preconditioning drying 
time prior to fast drying resulted in slight increases in both groups of dehydrin-like proteins. 
Nonetheless, even 48h preconditioning prior to fast drying was not sufficient to accumulate 
proteins of the 40 kDa group levels similar to those detected in seed dried the entire period at 
the preconditioning drying conditions (35C) or with unhealed air (NH). On the other hand, 
the intensity of the protein bands of the 22 kDa dehydrin-like protein group after 36-48h PC 
was similar to that observed in seed dried the entire period at 35C and NH drying treatments. 
The accumulation pattern of dehydrin-like proteins for seed harvested at 50% mc was similar 
to the seed harvested at 55% mc (Plate 3B). That is, there are slight but detectable increases 
in both groups of dehydrin-like proteins with increases in PC time prior to fast drying. These 
slight increases appeared more evident in the ca. 40 kDa than the ca. 22 kDa proteins. On the 
other hand, no detectable changes in the accumulation profile of dehydrin-like proteins were 
detected with the Western-blot assay in seed harvested at 40 and 32% mc and subjected to 
the different drying conditions (Plate 3C and D). 
Changes in the accumulation profile of dehydrin-like proteins from seed samples 
collected at the preconditioning transfer point (prior to fast drying) was identical to that 
observed after fast drying (results not shown). This suggests that the increases in dehydrin-
like proteins occur during the preconditioning time period. Consequently, this accumulation 
may require embryo hydration levels such that chemical and metabolic activities progress. 
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This hypothesis is consistent with the information in embryo drying rates presented in 
Chapter 2 of this dissertation. Embryo moisture content was maintained at high levels even 
though the intact seed experienced large reductions in moisture contents. 
Immunocytolabeling of dehydrin-like proteins 
The localization of dehydrin-like proteins was evaluated in cross sections of radicle 
meristem tissue from seed harvested at 55 and 32% mc and subjected to fast drying without 
preconditioning. Seed harvested at 55% mc and dried in the fluidized bed drying conditions 
exhibited cell plasmolysis and, clustering or perhaps coalescence of lipid bodies. These cell 
aberrations appear less evident in the micrographs presented here due to the small-illustrated 
area and the reader is referred to Chapter 3 for more details. In radicle meristem cells of seed 
harvested at 55% and dried as indicated above, the immunogold-label of dehydrin-like 
proteins was detected in an interspersed manner on surfaces of clustered or coalescence lipid 
bodies and at or close to plasma membrane areas (Plate 4A and B). On the other hand, the 
cell aberrations mentioned above were diminished in seed harvested at 32% mc and dried in 
the fluidized bed conditions. Immunogold-label in radicle meristem from this drying 
treatment appeared randomly distributed throughout the cell. Label was observed in nucleus, 
surface of lipid bodies, throughout the cytoplasm, and at interspersed areas on the plasma 
membrane (Plate 4D and E). No immunogold-label was observed in the negative control 
tissue exposed only to the goat anti-rabbit IgG (Plate 4C and F) 
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Dehydrin-like proteins and acquisition of desiccation tolerance 
Dehydrin-like proteins were detected at low levels in the immunoblot from seed 
harvested at 55% mc subjected to fast drying (fluidized bed) without preconditioning (Oh) 
and after 12h PC (Plate 3A). This accumulation level coincides with high cell solute leakage 
as measured by electrical conductivity (COND) and 0% performance in standard germination 
test (SOT). Slight increases in the accumulation of dehydrin-like proteins with increases in 
preconditioning time prior to fast drying concur with decreases in cell solute leakage and 
increases in germination percentages. With advances in maturation the accumulation of 
dehydrin-like proteins increases. The increases of dehydrin-like proteins observed at Oh and 
12h PC in seed harvested at 50% mc (Plate 3B) in comparison with seed harvested at 55% 
mc coincided with decreases in electrical conductivity. Nevertheless, germination 
percentages in these two drying treatments remained at 0%. Then, as the accumulation of 
dehydrin-like proteins increases slightly with preconditioning time, electrical conductivity 
decreases and germination increases. In seed harvested at 40 and 32% mc, on the other hand, 
increases on the accumulation of dehydrin proteins due to maturation effects (Oh PC) may be 
associated with lower electrical conductivity and higher performance in germination as 
compared with previous harvest. Further decreases in electrical conductivity and increases in 
germination performance due to preconditioning in these two harvests, cannot be associated 
with accumulation of dehydrin-like proteins because no detectable changes were observed in 
the immunoblots (Plate 3C and D). Dehydrin like proteins appear too be poorly associated 
with seed vigor as quantified by accelerated aging (AA) test (Chapter 2). 
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Discussion 
The antibody against the plant dehydrin consensus peptide used in this study detected 
a group of dehydrin-like proteins of ca. 22 kDa and another of ca. 40 kDa. The number of 
bands at each group varies with genotype. One protein band was detected at each group size 
in the female (B73) whereas one and two protein bands were detected in the male (sister line 
cross H95 x H99) at 40 and 22 kDa, respectively. The progeny of these genotypes share both 
parental dehydrin-like protein bands, that is two protein bands at each molecular size group. 
The number of dehydrin-like protein bands observed in this study concurs with the two-
dehydrin genes and their proteins identified in maize. The dehydrin gene (dhdl/rab-17) that 
maps to chromosome 6L and codes for ca. 22 kDa size protein (Close, 1989; Plana et al., 
1991; Ciccardi et al., 1994) and dhd.2 gene that map to chromosome 9S and codes for the ca. 
40 kDa size protein (Campbell et al., 1998). Campbell et al. (1998) compared the dehydrin 
profiles of several maize inbred lines and observed that both the 22 and 40 kDa proteins exist 
in forms that for unknown reason migrate at different rates in SDS-PAGE. This observation 
is supported by the migration of dehydrin-like protein bands observed between parents and 
progeny in this study. 
The accumulation profile of both dehydrin-like protein groups (ca. 22 and 40 kDa) 
was detected about midway during seed development and increased progressively through 
physiological maturity. During seed imbibition both groups of dehydrin-like proteins 
decreased slightly and became hardly detectable when the root was ca. 2 cm in length and the 
shoot was visible. In maize, this expression pattern during seed development has been 
reported for rab-17 (dhdl) mRNAs (Vilardell et al., 1990; Mao et al., 1995). Sanchez-
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Martinez et al. (1986) identified a protein size of ca. 23 kDa by two-dimensional 
electrophoresis that concurred with the temporal accumulation pattern of dhdl mRNAs. 
Disappearance of the dehydrin protein (22 kDa) was reported to occur after 2 days of 
germination (Vilardell et al., 1990). No reports were found for the temporal expression of 
the ca. 40 kDa proteins. In this study we illustrate that the expression of the ca. 40 kDa 
dehydrin-like proteins is similar to the ca. 22 kDa proteins, but under our hybridization 
conditions the expression of the ca. 40 kDa group occurs later during maturation and 
disappears earlier during germination than the 22 kDa group. 
Preconditioning drying treatments prior to fast drying were associated with slight but 
detectable increases (Western blot assay) in both groups of dehydrin-like proteins (ca. 22 and 
40 kDa), particularly in seed harvested at 55 and 50% mc. Detectable increases were 
observed due to maturation effects but not due to preconditioning in seed harvested at 40 and 
32% mc. This may be associated with the sensitivity of the Western-blot assay. The slight 
increases exhibited due to preconditioning in seed harvested at 55 and 50% mc may be 
associated with maintaining embryo hydration levels such that chemical reactions in the cell 
continue until water becomes a limiting factor. In Chapter 2 of this dissertation, we 
illustrated that in seed harvested at 55 and 50% mc (ca. 55 and 53% embryo mc, 
respectively) even though there was a drastic decrease in intact seed mc*(ca. 20% pts) during 
the preconditioning phase (0 to 48h), the embryo mc only decreased ca. 3% pts. The above 
statement may also be supported by the fact that no differences were observed in the 
accumulation of dehydrin-like proteins between protein samples extracted at the transfer 
point (between preconditioning and fast drying, results no shown) and after the fast drying. 
In the fast drying, in a few hours the embryo mc declined rapidly to threshold levels that may 
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not be suitable for chemical reactions (Chapter 2). In addition, we observed that seed 
harvested at ca. 68% mc and dried at room environmental conditions (slow drying rates) 
induced the accumulation of dehydrin-like proteins to thresholds levels similar to seed 
harvested at physiological maturity. Furthermore, these results coincided with the finding of 
Black et al. (1999) who observed increases in the accumulation of dehydrin proteins in wheat 
embryos detached from the plant at 20 days after anthesis and kept under wet conditions or 
subjected to relatively small decreases in water loss. 
Immunogold labeled of dehydrin-like proteins in radicle meristem cells were 
localized in interspersed areas on the plasma membrane, surfaces of lipid bodies, and 
throughout the cytoplasm. Egerton-Warburton et al. (1997) observed that in scutellar 
parenchyma cells of maize immunogold labeling was located throughout the cytoplasm, 
associated with heterochromatin and non-heterochromatin components of the nucleus, and on 
protein and lipid body membranes. Asghar et al. (1996) reported localization on cytosol and 
nucleus in cells of the aleurone layer, scutellar parenchyma, and provascular strands. In our 
study, localization of dehydrin-like proteins seems to be associated with damage areas due to 
fast dehydration. Similar localization patterns have been reported for the cold-induced 
dehydrin WCQR410 in wheat (Danyluk et al., 1996). 
The slight increases of dehydrin-like proteins during preconditioning and maturation 
seem to concur with decreases in cell solute leakages (electrical conductivity). These results 
may support the hypothesis that dehydrin proteins function as ion traps, sequestering ions as 
they become concentrated during cell dehydration (Close et al., 1993; Dure, 1993). In 
addition, localization of dehydrin-like proteins in this study may support the hypothesis that 
dehydrin proteins interact with partially denatured proteins or membranes; thus, stabilizing 
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macromolecules under dehydrating conditions (Close, 1996; Close, 1997). These potential 
effects of dehydrin-like proteins may result in better seed performance in standard 
germination tests. However, there appears to be a poor correlation with seed vigor as 
quantified by accelerated aging test. This observation is agreement with the finding of Betty 
and Finch-Savage (1998) who reported poor correlation of dehydrin proteins with seed vigor 
in Brassica seeds. 
Based on the temporal accumulation of dehydrin mRNA and its product (Sanchez-
Martinez et al., 1986; Galau et al., 1987; Blackman et al., 1991; Vertucci and Farrant, 1995; 
Han et al., 1997) and presence in orthodox but not in recalcitrant wet land species (Farrant, et 
al., 1996; Kermode, 1997; Pammenter and Beqak, 1999), dehydrin proteins have been 
associated with acquisition of desiccation tolerance. It seems likely that in this context 
acquisition of desiccation tolerance is understood as the ability of the seed to tolerate 
dehydration levels down to ca. 5% mc without affecting its viability. Our data support this 
hypothesis. In addition, our data suggest that dehydrin-like proteins may participate in the 
development of the ability of maize seed to tolerate rapid dehydration during artificial seed 
drying although they may not be the only mechanism. Our results support the hypothesis that 
dehydrin-like proteins function as a protective mechanism during cell dehydration, resulting 
in reduced membrane leakage and increased germination. 
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Plate 1. Immunoblot of dehydrin-like proteins expressed in embryo axes. A) Embryo axes 
were excised of parent seed B73 and (H99 x H95) and from fresh seed of the resulting hybrid 
harvested at different maturation stages (68,62,58,55,51,45,40, and 34% mc). A physical 
illustration of fresh seed has been placed at the top of the immunoblot. B) Dried embryo 
axes from hybrid seed harvested at the different maturation stages and dried on the ear at 
room environmental conditions (ca. 24°C and 60% RH). To the top of the immunoblot a 
physical illustration of dried seed has been placed. We illustrate part of one membrane 
incubated with preimmune serum indicating no detection of dehydrin-like proteins. Proteins 
were extracted and boiled for 15 min to obtain boiling soluble proteins. Of these proteins, 5 
Hg per lane were loaded on the gel. Dehydrin-like proteins were detected by Western-blot 
assay using an antiserum raised against the plant dehydrin consensus peptide. 
mw=molecular weight standard; single arrows indicate parents and number of dehydrin-like 
proteins in each parent. 
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Moisture content (%) 
68 62 58 55 51 45 40 34 (PM) 
Maturation stages (fresh seed) Parents 
B) Dried seed of maturation stages above 
Maturation stages (dried seed) Pre immune 
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Imbibition and germination stages 
DS 24h-I RP G RI R2 
mw | Imbibition and germination stages | 
Plate 2. Immunoblot of dehydrin-like proteins expressed in embryo axes during imbibition 
and early germination stages. Embryo axes or seedling without scutellum were excised as 
dry seed (DS), 24h of imbibition (24h-I), radicle close to breaking the pericarp (RP), at 
germination or radicle protrusion (G), when the root was ca. 1 cm in length (Rl), and when 
the root was ca. 2 cm in length and shoot was visible (R2). 5 jig per lane of boiling soluble 
proteins were loaded on the gel. A physical illustration of the imbibition and germination 
stages has been placed at the top of the immunoblot. mw= molecular weight standard. 
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A) 
Mw | NH | Oh 12h 24h 36h 48h | 35C 
| Preconditioning treatments ] 
B) 
Mw | NH | Oh 12h 24h 36h 48h| 35C 
| Preconditioning treatments | 
Plate 3. Immunoblot of dehydrin-like proteins from dried embryo axes. Seed harvested at 
A) 55%, B) 50% mc, C) 40% and D) 32% mc. At each harvest seed was subjected to 
preconditioning treatments for 0, 12,24,36, and 48h prior to fast drying. As negative 
controls ears were dried the entire period at the preconditioning conditions (35C) and with 
unheated air (NH). 5 ng per lane of boiling soluble proteins were loaded on the gel. 
mw=molecular weight standard. 
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Mw | NH | Oh 12h 24h 36h 48h | 35C 
| Preconditioning treatments | 
Mw | NH | Oh 12h 24h 36h 48h | 35C 
| Preconditioning treatments | 
Plate 3. (Continued) 
Plate 4. Electron micrographs of immunogold-labeled on radicle meristem cells. Seed 
harvested at 55% mc and subjected to fast drying without preconditioning A and B) 
interspersed localization of immunogold-label on aberrations or coalescence of lipid bodies, 
plasma membrane, and throughout the cytoplasm; C) negative control. Seed harvested at 
32% mc and subjected to fast drying without preconditioning D and E) scattered localization 
throughout cytoplasm, surface of lipid bodies and plasma membrane; F) negative control. 
CW= cell wall, LB=lipid body. Arrows denote immunogold label. Bar=280 nm. 
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CHAPTERS. GENERAL CONCLUSIONS 
General Discussion 
An unusual attribute of seeds of the orthodox species is the ability to tolerate 
dehydration levels down to ca. 5% mc without affecting their viability. In contrast, 
recalcitrant seed species do not tolerate dehydration (Roberts, 1973). Although there is a 
general consensus that desiccation tolerance is acquired during seed development and is lost 
during germination, little is known about the mechanisms that participate in this event. In 
addition, orthodox seeds are not tolerant of rapid dehydration at all developmental stages. 
This is an important concern in the seed com industry because seed producers usually harvest 
their seed at moisture contents >40% and subsequently dry the ears mechanically at higher 
rates than would occur under field conditions. In this study, preconditioning (slow drying) 
prior to fast drying conditions was used to investigate the changes in embryo drying rates, 
alignment of lipid bodies along the plasma membrane, and accumulation of dehydrin-like 
proteins during the acquisition of desiccation tolerance in maize seed. Ears of hybrid corn 
[B73 x (H99 x H95)] were harvested in 1998,1999, and 2000 at ca. 55,50,40, and 32% mc 
and subjected to preconditioning (PC) (ear drying at 35°C and 0.47 m/s airflow rate) for 0, 
12,24,36, and 48h prior to fast drying (shelled seed, 35°C and 5.10 m/s airflow rate) 
treatments to decrease seed moisture to ca. 13%. As negative controls ears were dried 
entirely at the PC conditions (35C) and unhealed air (NH). Several seed quality parameters 
such cell solute leakage, germination performance and vigor tests were evaluated to observe 
the progress in acquisition of desiccation tolerance. We also used Transmission Electron 
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Microscopy and Western-blot assays to observe the alignment of lipid bodies and changes in 
the profiles of dehydrin-like proteins. 
During the preconditioning phase (0 to 48h), intact seed moisture content was 
severely reduced whereas the embryo exhibited very small reductions, particularly in seed 
harvested at moisture contents >50%. With advances in maturation, intact seed drying rates 
decreased whereas embryo-drying rates increased. On the other hand, different drying 
phases with distinctive drying rates could be distinguished when drying the entire period at 
the preconditioning conditions. This drying pattern was similar to that observed under field 
drying conditions. This drying pattern may be associated with embryo position on the ear. 
Under fast drying conditions, on the other hand, embryo dehydration was rapid down to ca. 
40% mc. Embryo dehydration rates decreased slightly as mc declined to ca. 20% while 
below this mc another slight decrease in drying rates is evident. Advances in maturity at 
harvest coincided with the first two drying rates slightly lower and more uniform drying rates 
in the first two drying phases. PC before fast drying appears to have an effect similar to 
maturation, but to a lesser degree. 
Alignment of lipid bodies along the plasma membrane of cells of radicle tissues 
proceeded from the periphery (root cap) to the outer and then the inner radicle meristem 
cells. This pattern was observed with both preconditioning drying treatments and with field 
maturation. Alignment was achieved in seed harvested at moisture contents >50% only if 
they were dried on the ear the entire period at the preconditioning conditions or with 
unhealed air. Fast drying, on the other hand, impaired the alignment of lipid bodies, caused 
cell plasmolysis and aberrant clustering or perhaps coalescence of lipid bodies. These cell 
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aberrations decreased in severity with increases in preconditioning time and maturation prior 
to fast drying. 
The accumulation of dehydrin-like proteins increased progressively from about 
midway through seed development to physiological maturity. These proteins disappeared 
after germination. In seed subjected to fast drying conditions, there were slight but 
detectable increases in dehydrin-like proteins with increases in PC time prior to fast drying, 
particularly in seed harvested at 55 and 50% mc. Immunogold-labeling studies indicated that 
these proteins were located in an interspersed manner on surfaces of the plasma membrane, 
lipid bodies, and throughout the cytoplasm. 
It is difficult to relate cause and effect among the changes in embryo drying rates, 
alignment of lipid bodies, dehydrin-like proteins, and desiccation tolerance. However, the 
slow embryo dehydration appears to be associated with maintaining hydration levels such 
that chemical, biochemical and ultrastructural events continue until they reach the threshold 
levels necessary to withstand further dehydration. We observed increased accumulation of 
dehydrin-like proteins with increased preconditioning time in the embryo axes of seed 
harvested at moisture contents >50%. That is, this effect coincided with those harvests in 
which the embryo mc declined at very low rates during the preconditioning phase. In 
addition, we demonstrated that slow embryo drying rates are also important in the alignment 
of lipid bodies along the plasma membrane. On the other hand, alignment of lipid bodies 
along the plasma membrane seems to be associated with slight decreases in embryo drying 
rates and more organized dehydration at the fast drying conditions. 
The capacity of the embryo to tolerate fast dehydration increases progressively as 
maturation advances, and within harvests, with increases in preconditioning time prior to fast 
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drying. The tolerance to fast dehydration was illustrated by decreases in cell solute leakage 
and better seed performance in germination and vigor tests. Therefore, this gradual increase 
in the acquisition of desiccation tolerance concurs with decreases in embryo drying rates, 
more organized dehydration, better alignment of lipid bodies along the plasma membrane, 
and higher accumulation of dehydrin-like proteins. 
The specific function of dehydrin proteins is unknown but they are believed to 
function as ion traps and stabilizers of denaturing proteins and membranes during cell 
dehydration (Close et al., 1993; Close, 1996; Dure, 1993). The reduction in cell solute 
leakage with increases in dehydrin proteins and immunogold-label localization observed in 
this study supports this hypothesis. 
The functions) and alignment mechanism(s) of lipid bodies along the plasma 
membrane remains poorly understood. We presented evidence and a hypothetical model to 
illustrate that this alignment may be involved in the reduction of embryo drying rates and 
more organized dehydration during seed drying. The alignment pattern observed in the cross 
section of the radicle suggests that water (during cell dehydration) may participate in the 
movement of lipid bodies from the cytoplasm toward the plasma membrane. This topic 
remains under investigation in this laboratory. 
Overall, we conclude that slow embryo drying rates to threshold levels are crucial for 
the seed to acquire the ability to tolerate fast dehydration. Fast drying rates impaired the 
alignment of lipid bodies along the plasma membrane. The temporal expression, changes in 
the accumulation profile of dehydrin-like proteins support the hypothesis that these proteins 
may function as a protective mechanism during cell dehydration. Alignment of lipid bodies 
and the accumulation of dehydrin-like proteins may act synergistically to reduce the damage 
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that could occur during cell dehydration leading to a higher preservation of seed quality 
during artificial drying. 
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Al. Decreases in moisture content during preconditioning prior to fast drying for seed 
harvested at different moisture contents in 1998 and 1999. 
Harvest moisture content 
55% 50% 40% 32% 
Year PC (h) Tissue mc % % Pts mc % % Pts mc % % Pts mc % % 
Pts 
Oh Seed 54.8 49.2 39.1 31.1 
Embryo 56.8 53.4 50.2 43.2 
12h Seed 50.5 4.3 44.3 3.3 35.9 3.2 28.3 2.8 
Embryo 56.4 0.4 52.4 1.0 47.9 2.3 41.8 1.4 
24h Seed 47.2 3.1 41.0 5.0 32.4 3.5 26.4 1.9 
Embryo 56.3 0.1 52.2 0.2 46.8 1.1 39.9 1.9 
36h Seed 43.5 3.7 36.0 5.0 30.7 1.7 21.9 4.5 
Embryo 56.2 0.1 51.8 0.4 44.7 2.1 37.1 2.8 
48h Seed 40.4 3.1 33.6 2.4 25.7 5.0 21.0 0.9 
Embryo 53.4 2.8 49.6 2.6 39.9 4.8 31.5 5.6 
Oh Seed 55.7 51.3 40.5 31.7 
Embryo 56.0 54.2 50.3 44.3 
12h Seed 51.1 4.6 47.3 4.0 34.9 5.6 28.8 2.9 
Embryo 56.0 0.0 53.9 0.3 48.7 1.6 40.4 3.9 
24h Seed 47.4 3.7 42.2 5.1 31.0 3.9 25.7 3.1 
Embryo 55.8 0.2 53.0 0.9 46.9 1.8 37.0 3.4 
36h Seed 41.6 5.8 36.3 5.9 28.2. 2.8 20.0 5.7 
Embryo 55.4 0.4 52.5 0.5 43.6 3.3 31.2 5.8 
48h Seed 38.6 3.0 33.8 2.5 23.4 4.8 19.3 0.7 
Embryo 53.3 2.1 50.3 2.2 38.7 4.9 28.9 2.3 
PC (h)= preconditioning time in hours; mc= moisture content in % (average of 3 
replications); Pts= % points decrease/12h period. 
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A2. Soak and cold test germination of seed preconditioned for different time periods prior to 
fast drying for seed harvested at different moisture contents in 1998. 
Harvest moisture content 
55% 50% 40% 32% 
Treat- Soak Cold Soak Cold Soak Cold Soak Cold 
ments (%) (%) (%) (%) (%) (%) (%) (%) 
Preconditioning Oh Od Oe Od Od 23d 43c 99a 99a 
time 12h Od Oe 2d 6d 52c 74b 99a 100a 
prior 24h 4d 19d 56c 67c 91b 97a 99a 99a 
to 36h 23c 29c 91b 92b 97ab 99a 100a 99a 
Fast drying 48h 51a 78b 95ab 95ab 100a 99a 100a 99a 
Controls 35C 98a 96a 99a 100a 99a 100a 100a 99a 
NH 99a 98a 99a 99a 99a 100a 99a 98a 
LSD (a=0.05) 5.4 7.2 5.7 7.5 6.8 6.8 1.5 2.5 
PC (h)= preconditioning time in hours; FB= Fluidized bed; 35C= ears dried entirely at PC 
drying conditions; NH= ears dried entirely without heat adding to the air. 
Means within a column not followed by the same letter are not significantly different 
(P<0.05) according to Fisher's Protected LSD. 
LSD= Leas significant difference. 
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A3. Standard germination test (SGT) and accelerated aging (AA) germination percentages 
for seed harvested at different moisture contents in 1999 and 2000 and subjected to 
preconditioning prior to fast drying. 
Harvest moisture content 
55% 50% 40% 32% 
Year Treat- SGT AA SGT AA SGT AA SGT AA 
ments (%) (%) (%) (%) (%) (%) (%) (%) 
1999 PC Oh Of 0 Of Od 32d 0 96c 31e 
prior I2h 2e 0 lie Od 77c 0 98ba 67d 
to 24h 58d 0 62d Od 92b 4 98ba 86c 
fast 36h 83c 0 85c 8c 98a 18 100a 96b 
drying 48h 90b 0 93b 16b 99a 64 99a 98ab 
Controls 35C 98a 94 99a 97a 99a 98 100a 97a 
NH 99a 95 99a 98a 99a 98 100a 99a 
LSD 2.6 1.6 3.5 1.6 2.6 1.7 1.5 2.5 
2000 PC Oh Od 0c Oe 0b 47c Od 100a 52e 
prior 12h Od 0c Oe 0b 67b Od 100a 63d 
to 24h 4d 0c 27d 0b 94a 5d 100a 75c 
fast 36h 41c 0c 78c 0b 95a 51c 99a 90b 
drying 48h 56b 0c 89b 0b 98a 69b 99a 96a 
Controls 35C 97a 88b 99a 95a 98a 100a 100a 99a 
NH 99a 94a 99a 97a 99a 100a 100a 99a 
LSD 5.1 0.8 3.9 2.8 5.3 5.8 1.1 4.0 
PC (h)= preconditioning time in hours; 35C- ears dried entirely at PC drying conditions; 
NH- ears dried entirely without heat adding to the air. 
Means within a column not followed by the same letter are not significantly different 
(P<0.05) according to Fisher's Protected LSD. 
LSD= Leas significant difference (a=0.05). 
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A4. Electrical conductivity of seed solute leakage of seed harvested at different moisture 
contents in 1999 and 2000 and subjected to preconditioning prior to fast drying. 
Harvest moisture content 
55% 50% 40% 32% 
Year Treatment Electrical conductivity (uSms/mg of tissue) 
PC Oh 1.25a 0.96a 0.37a 0.15a 
prior 12h 0.93b 0.62b 0.29b 0.12b 
to 24h 0.71c 0.52c 0.24c 0.1 lbc 
fast 36h 0.68c 0.4 Id 0.20d 0.10c 
drying 48h 0.59d 0.32e 0.16e 0.10c 
Controls 35C 0.42e 0.27e 0.14e 0.96c 
NH 0.35f 0.28e 0.14e 0.96c 
LSD 0.05 0.05 0.03 0.01 
PC Oh 1.17a 0.84a 0.52a 0.24a 
prior 12h 0.90b 0.66b 0.43b 0.17b 
to 24h 0.74c 0.52c 0.32c 0.15bc 
fast 36h 0.65d 0.40d 0.29cd 0.13cd 
drying 48h 0.55e 0.35de 0.26de 0.13cd 
Controls 35C 0.47ef 0.29ef 0.23e 0.12d 
NH 0.40f 0.28f 0.22e 0.1 Id 
LSD 0.08 0.05 0.03 0.02 
PC (h)= preconditioning time in hours; 35C- ears dried entirely at PC drying conditions; 
NH= ears dried entirely without heat adding to the air. 
pSms= microsiemens/mg of seed tissue ca. 12% mc 
Means within a column not followed by the same letter are not significantly different 
(P<0.05) according to Fisher's Protected LSD. 
LSD= Leas significant difference (a=0.05). 
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AS. Soak and cold test germination of seed harvested at different moisture contents in 1999 
and 2000 and subjected to preconditioning prior to fast drying. 
Harvest moisture content 
55% 50% 40% 32% 
Year Treat- Soak Cold Soak Cold Soak Cold Soak Cold 
ments (%) (%) (%) (%) (%) (%) (%) (%) 
1999 PC Oh Of Oe Oe Oe 23e 31e 96b 94a 
prior 12h Of Oe Oe Oe 72d 76c 98ab 99a 
to 24h 16e 35d 37d 42d 89c 91d 98a 100a 
fast 36h 42d 70c 73c 76c 94b 95b 99a 99a 
drying 48h 64c 79d 92b 87b 96b 98a 99a 100a 
Controls 35C 92b 98a 99a 98a 99a 99a 100a 100a 
NH 99a 99a 99a 100a 100a 99a 100a 100a 
LSD 3.0 2.6 1.8 3.2 3.0 1.8 2.2 3.4 
2000 PC Oh Od Od Oe Oe 15d 53d 100a 97b 
prior 12h Od Od Oe Oe 50c 77c 99ab 98ab 
to 24h Od Od 12d 56b 92b 90b 98b 98ab 
fast 36h 38v 42c 81c 73c 98ab 93ab 99ab 98ab 
drying 48h 60b 74b 89b 81d 99a 94ab 99ab 99a 
Controls 35C 93a 97a 100a 99a 97ab 97a 98b 99a 
NH 97a 97a 100a 99a 99a 97a 100a 96b 
LSD 12.6 2.3 3.2 5.2 5.9 5.9 1.6 2.2 
PC (h)= preconditioning time in hours; 35C= ears dried entirely at PC drying conditions; 
NH= ears dried entirely without heat adding to the air. 
Means within a column not followed by the same letter are not significantly different 
(P<0.05) according to Fisher's Protected LSD. 
LSD= Leas significant difference (a=0.05). 
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A6. Seedling dry weight (SDW) and shoot to root ratio (S:R) of seed harvested at different 
moisture contents in 1999 and 2000 and subjected to preconditioning prior to fast drying. 
Harvest moisture content 
55% 50% 40% 32% 
Year Treat­ SDW S:R SDW S:R SDW S:R SDW S:R 
ments (mg) (mg) (mg) (mg) 
1999 PC Oh Oe 0c Od 0c 18f 2a 29c 1.6a 
prior 12h Oe 0c Od 0c 21e 1.9b 36b 1.4b 
to 24h 17d 1.9a 18c 2.1a 27d 1.6c 45a 1.3b 
fast 36h 21dc 1.6a 24b 2.2a 31c 1.5c 45a 1.3b 
drying 48h 25bc 1.5a 26b 2.0a 36b 1.3d 45a 1.3b 
Controls 35C 3 lab 1.4a 33a 1.7b 45a 1.3d 46a 1.2b 
NH 32a 1.4a 35a 1.5b 44a 1.4d 48a 1.3b 
LSD 5.5 0.6 2.9 0.2 2.5 0.16 3.6 0.2 
2000 PC Oh Od 0c Od Od 24f 2.4a 33c 1.7a 
prior 12h Od 0c Od Od 27e 2.1b 32c 1.4b 
to 24h 8c 2.6a 18c 3.3a 36dc 1.7c 35c 1.4b 
fast 36h 16b 2.5a 28b 2.0b 31de 1.7c 45b 1.4b 
drying 48h 18b 2.8a 32b 2.0b 42bc 1.4d 54a 1.3bc 
Controls 35C 27a 2.1b 46a 1.5c 48ab 1.2d 53a 1.3bc 
NH 28a 2.0b 45a 1.5c 49a 1.4d 55a 1.2c 
LSD 4.2 0.3 5.0 0.2 6.3 0.2 3.6 0.2 
PC (h)= preconditioning time in hours; 35C- ears dried entirely at PC drying conditions; 
NH= ears dried entirely without heat adding to the air. 
Means within a column not followed by the same letter are not significantly different 
(P<0.05) according to Fisher's Protected LSD. 
LSD= Leas significant difference (a=0.05). 
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APPENDIX B. PROTOCOLS 
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Fixation Procedure for Transmission Electron Microscope 
1. 3% PA/3% G A/ 1.0 mM CaCU in 0.05 M Phosphate buffer, pH 7.2 for 12 h at 4°C 
2. Change to fresh fixative and continue to fix for 12h at 4°C 
3. Rinse three times with phosphate buffer ( 15min/each) 
4. Double-fix with 1% Osmium tetroxide in 0.05M phosphate buffer for 24h at 4°C 
5. Repeat step 3 
6. Start dehydration process with 25% ETOH for lh, 
7. 50% for lh 
8. 70% for lh 
9. 95% for 2h 
10. 100% (3X) for 2h each 
11. 1:3 acetone/100% ETOH for 12h 
12. 1:1 acetone/100% ETOH for 12h 
13.3:1 acetone/100% ETOH for 12h 
14. Pure acetone (3X) for 8h each 
15. 1:3 Spurrs/acetone for 12h 
16.1:1 Spurrs/acetone for 12h 
17. 3:1 Spurrs/acetone for 12h 
18. Pure Spurrs for 12h 
19. 3 changes of pure Spurrs 12h/each 
20. Cast at 60°C for 24h 
21. Section with diamond knife in ultramicrotome 
22. Sections were double stained in 4% uranil acetate 50% methanol for 20min, followed 
by Sato's Lead Stain for 15 min. 
